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Abstract 
Floods are caused by extreme meteorological and hydrological changes that are influenced 
directly or indirectly by human activities within the environment. The flood trends show that 
floods will reoccur and shall continue to affect the livelihoods, property, agriculture and the 
surrounding environment. This research has analyzed the riverine flood by integrating remote 
sensing, Geographical Information Systems (GIS), and hydraulic and/or hydrological modeling, to 
develop informed flood mapping for flood risk management. The application of Hydrological 
Engineering Center River Analysis System (HEC RAS) and HEC HMS models, developed by the 
USA Hydrologic Engineering Center of the Army Corps of Engineers in a data-poor environment 
of a developing country were successful, as a flood modeling tools in early warning systems and 
land use planning. The methodology involved data collection, preparation, and model simulation 
using 30m Shuttle Radar Topographic Mission (SRTM) Digital Elevation Model (DEM) as a 
critical data input of HEC RAS model. The findings showed that modeling using HEC-RAS and 
HEC HMS models in a data-poor environment requires intensive data enhancements and 
adjustments; multiple utilization of open sources data; carrying out multiple model computation 
iterations and calibration; multiple field observation, which may be constrained with time and 
resources to get reasonable output.  
Key words: Hydrological modeling, hydraulic modeling, flood mapping, Geographical 
Information Systems, Remote Sensing. 
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Over the years people all over the world have been experiencing natural hazards. Natural hazards are 
natural phenomena that have high potential of harm to people, for instance, drought, volcano eruptions, 
wildfires, and floods, among others (Sørensen, et al., 2006; Wright, 2007). Floods are classified as natural 
hazards caused by extreme meteorological and hydrological changes that are influenced directly or 
indirectly by human activities within the environment (Langhammer, 2008; Els, 2011). Extreme floods 
have been identified as the most severe natural hazards that impact millions of people worldwide 
(Emerton, et al., 2016; Niekerk & Nemakonde, 2017; Langhammer, 2008;) due to their increase in 
magnitude and frequency (Langhammer, 2008). The severity of floods is proven in Figure 1-1, whereby 
among all-natural hazards, floods have the highest number of deaths (6.9 million) and homeless or 
displaced (123 million) people. Then followed by earthquakes (1.8 million).   
The reoccurring floods have contributed to the greatest concentration of flood-risk hotspots in Sub-
Saharan Africa (Niekerk & Nemakonde, 2017). Malawi is one of the developing countries in Sub-
Saharan Africa whose economy and livelihoods has been greatly affected by flood occurrences. The 
country has experienced eight floods between 1967 and 2003 (Government of Malawi, 2015). Severe 
floods occurred in January 2012, January 2013 and January 2015. The 2015 flood was caused by the 
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Figure 1-1: Graph showing the number of deaths and homeless people because of natural hazards during the twentieth 
Century (based on WHO, 2002) (Source: Bryant, 2005:9) 
According to Post Disaster Needs Assessment (PDNA) report, in 2015 Malawi experienced floods 
that affected approximately 1.1 million people, displaced 230 thousand people and killed 106 people 
(Government of Malawi, 2015). The three major sectors affected by the flood included agriculture 
covering 47% of the total damage and loss, transport 35%, and 18% for sanitation and water (Government 
of Malawi, 2015). Some of the damage and loss figure estimates indicated in the 2015 PDNA report 
included 523, 347 houses, 1220.53 km roads, 183 Bridges, 15 hydrological stations and 4 Dams 
(Government of Malawi, 2015). The government of Malawi has thus declared 15 of 28 districts of the 
country's flood prone areas. The major impact of the flood is in the Southern region of the country 
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Figure 1-2: Map showing the Southern Region of Malawi 
The Southern region (as shown in Figure 1-2) is the key agricultural region in the Malawi 
(Government of Malawi, 2015).  The lake shore plains and lower shire valley are the most vulnerable 
area in the region. During the 2015 floods, Blantyre, Nsanje and Chikwawa districts in the lower shire 
valley had the highest damage (in terms of infrastructure, agriculture, and property) with percentage 
losses of 16.4, 16.4 and 14.3 respectively, and floods erode agricultural land causing smallholder farmers 
to produce low yields (Government of Malawi, 2015). Among the three districts, Chikwawa (4892 km2 
of Shire Basin) is rated the most vulnerable district because of the high exposure to climate variability 
and soil degradation that influences the occurrence of riverine floods (Adeloye, et al., 2015). The flood 
situating in Chikwawa district as of January 10 and 13, 2015 is shown in Figure 1-3 where the water 
extent in shown in blue color.  
Therefore, this research applies remote sensing and GIS to model riverine floods of the Shire River in 
Chikwawa District to contribute to the development of flood risk management system to reduce the risk 
of floods in Chikwawa. The flood model is developed using meteorological records, hydrological data, 
land use data, and terrain data (DEM) to understand and analyze the trends of floods during the flood 
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period. Modeling flood is critical in ensuring well informed and sustainable flood risk management 
strategies to address the recurrent flooding problem (Wicks, 2016). 
According to Wicks (2016). The model is visualized as flood maps to provide timely flood information 
and depict areas that are flooded or likely to flood, and the consequences of damage or the spatial 
distribution of the risk in relation to the time of occurrence. Thus, the maps assist in interpreting and 
understanding flood dynamics. Furthermore, provide reliable observations for well-informed flood 
response, preventive measures or support to the affected communities.  
 
Figure 1-3: Flood situation as of January 10 and 13, 2015 (Source: TerraSAR-X / Landsat-8; Acquired: TerraSAR-X: 
10/01/2015; Landsat-8: 13/12/2014 Copyright: TerraSAR-X © German Aerospace Center (DLR), 2015 Airbus Defense and 
Space / Infoterra GmbH Landsat-8 data and products© USGS (2015) - All rights reserved  
Map produced by DLR/ZKI) 
 Problem statement 
The communities in the Shire river basin, particularly in Chikwawa (Malawi) district are faced with 
the occurrence of floods. The most recent severe floods in the Shire river basin occurred in 2015. The 
flood frequency analysis of the Shire River in Chikwawa District Figure 1-4 shows that the year 2015 
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experienced the highest floods. The Global Disaster Alert and Coordination System (GFDS) site number 
123 indicates that the highest river discharge measured in cubic meters per second (m3/s) on 10, 11, 12, 




Figure 1-4: The flood frequency analysis, 1998 to 2015 (Source: 
http://floodobservatory.colorado.edu/SiteDisplays/1283.htm) 
The floods caused damages to property, public infrastructure, agriculture and lives. Due to the 
damages, the affected people are more vulnerable, less resilient, and lack capacity to respond and adapt 
to floods (Department of Disaster Management Affairs, 2015). In order to minimize the damages caused 
by floods in Chikwawa, there is a need to develop flood risk management systems that reduce the impacts 
and the likelihood of flood occurrence. The flood risk management systems ensure sustainable ways of 
understanding and managing floods. This study analyses the riverine flood that took place in Chikwawa 
District through modeling and simulating the flood event for the month of January 2015 by: analyzing 
the hydrology of the catchment; estimating the extent and depth of the floods based on the developed 
model and simulations; visualization of the flood extent and risk using inundation maps and hydrographs; 
and to determine what comparison of hydrographs and inundation maps may reveal for proper 
establishment of flood risk management strategies.  
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 Objectives 
The overall objective of the study is to analyze the riverine flood by integrating remote sensing, GIS, 
and hydraulic and/or hydrological modeling to develop informed flood mapping for flood risk 
management, case study of Chikwawa District in Malawi.   
The following specific objectives are employed to achieve the overall objectives: 
1. To develop the hydrological model that integrates with GIS based on the physiographic properties 
of the watershed and terrain model: 
a. To calculate water loss and runoff due to the rainfall events during the simulation period 
b. To calibrate and verify the hydrological model parameters 
2. Developing the hydraulic model that integrates with GIS to calculate the depth, extent, velocity 
of flooded water  
3. Analyzing the risk of flood on different land uses. 
 Research questions 
1. To what extent can application of low to medium resolution data (DEM, soil, land use) in a poor 
data environment like developing countries affect the accuracy of riverine flood modeling? 
 Research assumptions 
1. Floods in Chikwawa will reoccur and shall continue to affect the livelihoods, property, agriculture 
and the surrounding environment in Chikwawa.  
2. There is a need for effective flood risk management systems for Chikwawa District to reduce the 
impact of reoccurring floods. 
3. Remote sensing and GIS techniques are effective techniques to develop flood models, to 
determine and map the extent and depth of floods. 
4. There are freely available datasets that meet data requirements for flood modeling. 
2. To what extent is the ability to model floods useful in data poor environment? 
3. To what extents are the models fit to simulate acceptable flood flows and volumes? 
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 Scope and limitations 
This research develops flood models for informed flood mapping for flood risk management in 
Chikwawa District. Flood modeling consist of three main processes: the hydrological modeling to 
determine the basin characteristics and the extent of floods; hydraulic modeling to compute the depth of 
floods; and flood mapping visualized in GIS (Alaghmand, et al., 2010). Each of the fore-mentioned 
processes are dependent on data requirements and accuracy of the methods. The data used included freely 
available data, such as optical imagery and radar imagery, Digital Elevation Model (DEM) created from 
interferometry, Shuttle Radar Topography Mission (SRTM) DEM, stream data, soil type data, and 
rainfall data. Production of reliable flood maps facilitates accurate flood assessments and predictions 
(Danumah, et al., 2016).  However, that is limited by the quality of data used (Matori & Lawal, 2014). 
According to Emerton, et al., (2016), high quality resolution data for flood plains in most parts of 
developing countries, including the Chikwawa district in Malawi are captured using high-resolution 
sensors. Contrariwise, high quality resolution satellite data are expensive. Rainfall and gauge station data 
are incomplete because some gauge stations are not fully functional. Nevertheless, free satellite data 
provide the alternative solutions. The free datasets include sentinel-1 and sentinel-2 radar, the Shuttle 
Radar Topography Mission (SRTM), Climate Hazards Group InfraRed Precipitation with Station Data 
(CHIRPS), Landsat data, Dartmouth Flood Observatory data. The use of freely available data shall 
require the combining of datasets from different sensors to improve the accuracy, and to narrow the 
sensing revisit time to improve temporal resolution for change detection analysis.  
 Research design  
This research analyses the riverine flood that took place in Chikwawa District through modeling and 
simulating the flood event from the period of 1st January to 31 January 2015.  
Chapter 1: 
Chapter one introduces the background of floods from the global to local level. The local level is this 
context in Malawi. The introduction further describes the problem statement based on the frequency and 
magnitude of floods which have severe impact on the people and their environment in Malawi and the 
requirement of the flood management systems to reduce the impacts. The purpose of the research, the 
scope, limitations and the research design are also provided as part of the introduction.  
Chapter 2:  
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Chapter two discusses related literature to help to develop the methods to achieve the objective of the 
research. The first part of the chapter discussed floods as a natural hazard, the characteristics of floods, 
how it is caused, its impacts, particularly the riverine floods, and flood management approaches that are 
applicable in various flood conditions. The other part of this chapter presented literature on the integration 
of flood modeling (hydrological and hydraulic modeling) with GIS and remote sensing.  
Chapter 3:  
Chapter three discusses data by analyzing data requirements and sources to conduct flood modeling. 
The analysis of data requirements focused on: the criteria to accept data for flood modeling, data needs 
to meet the flood modeling methods described in literature review, data sources (both international and 
national), the description of basic data set in some detail, and lastly, the data challenges faced due to the 
case study site location. 
Chapter 4  
Chapter four provides the description of the case study area where the selected methods and theory 
are tested. The case study area is Chikwawa District in Malawi. The description of the case study consists 
of the reason why the area was chosen, its characteristics in respect to data and flood parameters. 
Chapter 5:  
Chapter five includes system design, technical and analytical methods of flood modeling considering: 
the availability and accessibility of data, the purpose of the research, time of flood occurrence, and the 
usability and availability of the models chosen. 
Chapter 6 
The chapter discusses the results obtained from running the flood models. The expected results are 
the estimated extent, depth and velocity of floods. Then the results are evaluated and discussed about the 
research purpose and literature from researchers who conducted similar research. 
Chapter 7 
The chapter explains the conclusions drawn from the whole research with reference to other factors 
such as research methods, data used, areas of study, and analytical results. Recommendations have also 
been provided to give directions for future research. 
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2 Literature Review 
 Introduction 
 The literature review is composed of two main parts.  The first part presents flood as a natural hazard 
that is defined as a natural phenomenon or event that poses danger to people or the environment.  The 
danger caused by natural hazards is referred to as natural disasters.  Natural hazards are categorized in 
three classes: biological, geological and hydro-meteorological. Examples of each category are outlined 
with statistics backing up their impacts. One of the examples is flood. Flood is categorized under 
hydrological and meteorological natural hazard. Flood is reviewed as the top most natural hazard causing 
death worldwide. The statistics shows that Malawi is among the list of top 10 countries in the world 
affected by floods. The literature review chapter has discussed floods further based on the probability of 
occurrence, its characteristic, causes and impact, and flood management approaches.  
The second part of this chapter reviews flood in connection with flood modeling. Modeling is a 
process of representing the abstract or reality of flood. The two models of floods discussed are 
hydrological and hydraulic models. Literature reviews that hydraulic and /or hydrological modeling can 
be integrated with GIS and remote sensing through: (1) embedding GIS in the hydrological/hydraulic 
model, (2) embedding hydrological/hydraulic model in GIS, (3) loose coupling, and (4) tight coupling. 
The literature review chapter is concluded by looking into flood visualization and discussions on 
mapping the extent, depth, velocity and risk of floods to meet various requirements of different users 
such as decision makers and community members. 
 Natural hazards 
Natural hazard is “when unpredictable natural events become extreme in their occurrence and 
constitute a danger to humans and to the other members of the environment” (Schramm & Dries, 1986: 
43).  Similarly, the International Strategy for Disaster Reduction-ISDR (2002) defines a natural hazard 
as natural processes or phenomena occurring in the biosphere that may constitute a damaging event. The 
damage caused by natural hazard is called “Natural disasters” (ISDR, 2002: 4). According to literature, 
natural hazards are categorized based on their causes, magnitude and duration (Bryant, 2005; Els, 2011; 
Sørensen, et al., 2006; Schramm & Dries, 1986).  Bryant (2005) categorized natural hazards as chronic 
and periodic hazards. The chronic hazards are a result of human activities or global warming, and may 
include soil degradation, melting of permafrost, and desertication. The periodic hazards on the other 
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hand, are large size events that occur over a small period with massive impact. Good examples of periodic 
hazards include floods, earthquakes, Tsunami, and Volcanic eruptions. 
The main categories or types of Natural hazards are geological, biological, hydro-meteorological 
hazards (Els, 2011; Bryant, 2005; Sørensen, et al., 2006; Vos, et al., 2010; Guha-Sapir, et al., 2016). 
 
Figure 2-1: Categories of Natural Hazards (Source: Vos et al., 2010: 7) 
The categories of natural hazards are discussed below (Sørensen, et al., 2006) and indicated in      
Figure 2-1:  
1. The biological hazards involve biological or organic processes including biological vectors, 
exposure to pathogenic micro-organisms, toxins and bioactive substances;  
2. The geological or geophysical hazards include natural earth processes such as earth mass 
movement; 
3. The hydro-meteorological hazards include atmospheric, hydrological or oceanographic processes 
that may cause disasters.   
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Vos et al. (2010) subdivides hydro-meteorological category into three classes: meteorological, 
hydrological and climatological hazards. These classifications and their example are shown in Figure 2-1 
2.2.1 Disasters and their impacts 
Literature reviews that natural hazards can be beneficial to people. For instance, Bryant (2005) argues 
that volcanoes provide rich soils to grow three kinds of crops in one year in the tropics, and floodplains 
provide fertile soil and easy access to water supply for agriculture.  
 
Figure 2-2: Top 10 countries of people affected by natural disasters 2016 (Source: Guha-Sapir et al., 2016: 24) 
Despite the proven benefits of natural hazards, the catastrophic impacts of natural hazard cannot be 
overemphasized as many people in different parts of the world have been greatly affected by natural 
hazards. The world top 10 countries affected by natural hazards are presented in Figure 2-2. Figure 2-2 
shows that India has the highest number of approximately 333 million affected people, followed by 
United States of America (USA) with approximately 85 million. Malawi has approximately 6.7 million 
and ranks  fifth on the top 10 list of number of people affected in 2016 worldwide.  
The number of people affected by disasters as a percentage of their total population is presented in 
Figure 2-3. According to the Radar Chart represented in Figure 2-3, Micronesia has the top most 
percentage of people affected by disasters with 95.24%, second by Haiti with 53.42%. Malawi ranks 
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Figure 2-3: Radar chart showing top 10 list countries with the number of people affected by disasters as percentage (%) of 
their total population (Source: Guha-Sapir et al., 2016: 24) 
The most known hazards to cause severe disasters in Africa from 1994 to 2003 are epidemics (329), 
floods (269), and drought (116), as shown in Figure 2-4. 
 
Figure 2-4: A graph showing number of natural disasters by triggering hazards in Africa (1994-2003) (Source: Sørensen et 
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The most affected countries in Africa include Nigeria, Burkirna Faso, Niger, Tanzania, Sudan, 
Malawi, Kenya, Ethiopia, Zimbabwe, and Mozambique (Sørensen, et al., 2006) . In the period between 
January to December 2016, Ethiopia, Malawi, Somalia, South Sudan and Zimbabwe are among the top 
10 list of countries in the world with most people affected by natural disaster (Guha-Sapir, et al., 2016). 
Among the five, Ethiopia has the highest number of 10.2 million, followed by Malawi 6.7 million, 
Somalia 4.7 and Zimbabwe 4.3 million, and South Sudan 3.6 million (Guha-Sapir, et al., 2016). These 
five countries are also classified as low-income countries (Guha-Sapir, et al., 2016).  
The hazard statistics of the number of deaths and homeless worldwide as per Figure 2-3, and the 
numbers of people affected as per Figure 2-2 and Figure 2-3 call for attention to flood management 
systems in order to minimize their severity to people and the environment.  
 Floods 
There are many definitions of floods including:  
a) “ Water overflowing onto land that is usually dry” (Doswell III, 2003: 769; Doocy, et al., 2013: 
2) 
b) “The presence of water in the areas that are usually dry” (Jonkman & Kelman, 2005: 75) 
c)  “A significant rise of water level in a stream, lake, reservoir or coastal region” (Chan, 2017: 97)  
This research accepts all of the above definitions. See images in Figure 2-5 depicting floods. 
     
Figure 2-5: Overflowing of water in areas that are dry in Chikwawa District at a Trading Centre (left), and Shire River 
(right)         
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2.3.1 Probability of flood 
The probability of flood occurrence is computed from frequency analysis of a given flood event (Els, 
2011). The frequency analysis is a statistical technique through determination of the recurrence interval. 
The recurrence interval is expressed as the number of years, T. The probability of occurrence is the 
inverse of T and it is represented 1/T (Els, 2011). The rainfall recurrence interval relies on the size and 
the length of a rainfall event while the streamflow relies on the measure of the annual peak flow (USGS, 
2018). Examples of recurrence intervals are provided in Table 2-1. 
The flood that occurred in Chikwawa in January 2015 is regarded as 1 in 500 years (Department of 
Disaster Management Affairs, 2015). 1 in 500 years means that there is one probability of occurrence of 
flood event to happen 500 years, and the percentage chance of occurrence is 0.2 % (Els, 2011).  
Table 2-1: Recurrence intervals and probabilities of occurrence (Source: USGS, 2018; Els, 2011) 
Recurrence Interval, in Years (T) Probability of Occurrence in any 
given year (1 in T) 
Percent chance of occurrence in 
any given year (1/T * 100) 
500 1 in 500 0.2 
100 1 in 100 1 
50 1 in 50 2 
25 1 in 25 4 
10 1 in 10  10 
5 1 in 5 20 
2 1 in 2 50 
2.3.2 Flood prone areas 
Areas that are vulnerable or most likely to floods are flood prone areas and include the floodplains 
and the floodways (Els, 2011). The floodplains are all areas covered with water surrounding the river 
during floods. There is no absolute boundary for floodplain since it varies in size depending on the level 
of water that floods (Els, 2011). During floods, those areas with high flow velocity, deep water levels 
and debris flow can be associated with floodway (Els, 2011). The floodplain and floodway are 
demarcated by a flood line that indicates areas that are most likely to be affected by flood. The flood 
lines are given the water level and annual exceedance probability of a flood occurrence (Alexander, 
2000).  
2.3.3 Causes of floods 
Floods are caused by various factors. These factors can be categorized as natural causes and man-
made causes. Niekerk & Nemakonde (2017) explained that the major causes of natural hazards in the 
Sub Saharan region are changes in weather patterns. In 2015 to 2016, the countries in Sub Saharan region, 
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including Malawi experienced extreme El Nino, which caused droughts and flood disasters in the region 
(Niekerk & Nemakonde, 2017). However, there are also many other factors contributing to floods in Sub 
Sahara Africa and all parts of the world. A summary of causes and their factors contributing to flooding 
are outlined below. 
2.3.4 Man-made factors: 
a) Heavy rainfall as a result of reduction in vegetation cover and high rate of urbanization that leads 
to high runoff. 
b) Retardation of flow and back water effects because of lack of drainage capacity and urbanization 
in low lying areas. 
c) Poor natural drainage as a result of the high rate of human activities that puts pressure on the 
drainage systems. 
d) Common floods in the main and tributary rivers due to breaking of bunds constructed on the 
tributary rivers for irrigation purpose. 
e) Flow obstruction in river banks caused by construction activities along the river banks.  
f) River bank erosion caused by little or no vegetation cover because of careless cutting down of 
trees. 
g) Inadequate capacity within the banks because of high discharge of the rivers due to silting.  
2.3.5 Natural factors of floods 
There are many natural factors that influence the riverine floods. Among the factors include (Disaster 
Management, 2015): 
a) High precipitation that causes heavy rainfall and cyclones thus leading to floods as a result of 
increased overland flow and reduced lag times. While gentle rains over a long time easily 
infiltrate into the ground.  
b) Topography and obstruction of natural drainage that retards the flow and back water effects.  
While steep slopes increase the flow and runoff, thereby increasing overland flow.  
c) The type of soils also matters in terms of flow of water. Shallow soils do not absorb much 
water because of small storage capacity and that increases overland flow and vice versa. The 
same applies to impermeable rocks that prevent groundwater flow and encourage through flow 
and overland flow.   
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d) Other natural causes include landslides causing changes in the river course, earthquakes 
loosening the soil to cause siltation, and falling of the trees thus obstructing flow, among 
others. 
Causes of 2015 floods in Malawi 
High precipitation is one of the natural factors outlined in section 2.3.5 that directly causes heavy or 
extreme rainfall. Bryant (2005) described heavy rainfall that occurs in few days as a collision of very 
unstable air with high humidity air (also called orographic uplift). The collision usually occurs near warm 
oceans, or around steep high mountains in the direction of moist winds, or in areas prone to understorms 
(Bryant, 2005). Bryant classifies heavy rainfall that last several days as a product of tropical cyclone, 
while those that last many weeks to months as a product of seasonal monsoon rainfall or persistence of 
orographic uplifts. The tropical cyclones are “intense cyclonic storms that originate over warm tropical 
seas”, and it causes three main hazards, namely surge, wind and rain (Bryant, 2005).  
The 2015 floods in Malawi were caused by extreme rainfall associated with heavy rainfall 
(Government of Malawi, 2015). The extreme rainfall occurred between the month of January to March 
2015 and it mostly affected the southern region of the country particular along Shire River Basin 
(Government of Malawi, 2015). The high magnitudes regional floods that occurred in 2015 in Malawi is 
regarded as “disaster of national or international importance” (Bryant, 2005). According to the UNDAC 
report on 6th February 2015, the flood affected approximately 1.1 million people, displaced 230 thousand 
people and killed 106 people, and 172 people were reported missing. The effects of floods on livelihood 
indicates implications and cost of floods on livelihood. Thus, the need to put in place measures to reduce 
the effects of floods.  
2.3.6 Factors influencing severity of riverine floods 
The severity of riverine floods is influenced by (a) the characteristics of the basin, (b) drainage 
network and (c) river channels, as discussed below (Els, 2011).  
a) The basin characteristics 
The basin characteristics are slope, area, altitude, and shape. These characteristics can influence flood. 
For instance, basins with small area have less runoff that makes water accumulate easily and cause floods, 
the elongated basins on the other hand have more runoff that influence water to accumulate after a long 
time. Basins with circular shape are prone to flooding because of surface runoff arriving at the same point 
  
NATALIA DAMBE 17 
 
at the same time. This also applies to basins with steep slopes which increases the likelihood of flooding 
because of less infiltration.  
b) Network characteristics 
The network characteristics include pattern, bifurcation ratio, under drainage and channel length. 
Some of the factors of network characteristics that can influence flooding are patterns that are complex 
and slow water absorption into the ground, thus increasing the chances of flooding because of increase 
of water stored on the surface. If the soil or rock is less permeable, it allows less water drainage, hence 
contributing to flooding.  Again, the decrease in the bifurcation ratio (the ratio between numbers of 
streams in two sequential hierarchies of basin) causes a high concentration of water flow in one river 
thereby making the river most susceptible to floods. 
c) Channel 
The channel consists of three characteristics, namely: slope, flood control, and river regulation work. 
All these characteristics affect the speed and direction of water, which impacts the flow velocity and 
energy. Similarly, the roughness characteristics of a channel influences the flow resistance of the river 
and consider adjustment of Manning values. The roughness characteristics include cross-section 
irregularities, channel variation, obstruction, and channel vegetation.  
The natural channels have two categories, namely lower and higher gradient natural channels. The 
higher gradient is more complex than the lower gradient, thus it requires more parameters. Basic data for 
higher gradient are river discharge (Q), area of rivers, river velocity (SF), Froude number, water slope 
(SW), hydraulic radius (R), hydraulic depth, Manning n-value, predicted n- value, bed material size (dS4).  
The flow resistance of natural overbank is determined from considering: 
i. The amount, type, density, and type of vegetation using land classification data acquired 
from satellite imagery. 
ii. Surface roughness and bed material on-site survey 
iii. Flow depth on-site survey 
iv. Flow velocity computations 
v. Obstruction (Roads, fences, etc.) aerial photograph, field verification 
vi. Surface irregularities (sediment ridges, old meander scars, potholes). 
  
NATALIA DAMBE 18 
 
The agriculture overbank considers the same parameters as natural overbank plus the typical growing 
or stages of growing seasons acquired from literature and/or aerial photographs. 
2.3.7 The characteristics of floods  
Floods are composed of characteristics or criteria to determine the danger of impact of floods. The 
higher the energy of water movement during floods, the higher the speed of water, thus the higher the 
potential for the flood water to cause damage (Doswell III, 2003). The degree of impact is affected by 
the duration, frequency, scale, and magnitude of floods (Llantwit School, 2010).  
The University of Wisconsin established four characteristics of floods which are (Disaster 
Management, 2015): 
a) Velocity: When flow velocity is high the eroding power of water increases and can sweep away 
vegetation or destroy land or structures.  
b) Water depth: High depth of water immerses land which can have effects on vegetation survival 
and danger to property.  
c) Rate of rise: Rate of rise is linked to the rate at which water depth increases. The higher the rate 
of rise the higher the water depth. 
d) Seasonal: Floods normally occur during the crop growing season as a result of heavy rains and 
can easily affect agriculture.                                                                                                                                                                                      
2.3.8 Impacts of flooding 
For the longest time in history floods have affected people globally. Doocy, et al. (2013) estimated 
that on a global scale there were 539 811 fatalities, 361 974 injuries, and 2 821 895 000 people displaced 
as a result of flood between 1980 to 2009. Based on global exposure analysis of floods, an amount of 24 
billion dollars was spent annually strictly on floods from 2001 to 2011 (Winsemius, et al., 2018.).  
 The impact of floods can be both positive and negative (Els, 2011; Doswell III, 2003). Example of 
the positive impact that encourage people not to relocate to safer areas are: fertile soil in flood plains 
along the rivers, usage of water for domestic purposes, flat plains conducive for settlement, and water 
transport (Els, 2011; Doswell III, 2003).  
The negative impacts of floods include the damages that floods cause on people and the environment 
as a result of uncontrollable movement of water that immerse or/and wash away trees, agricultural land, 
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community property, and infrastructure, among others. Figure 2-6 below captured effect of flooded water 
on vegetation in Chikwawa District.   
         
Figure 2-6: Flooded water immersing crops (left), and causing trees to dry because of water saturation (right)     
 In general, more about the negative impacts of floods on people and the environment are as follows 
(Els, 2011; Disaster Management, 2015): 
a) Human loss  
b) Loss of property 
c) Economic and social disruption 
d) Increase in air and water pollution 
e) Disruption of public infrastructure like roads, schools 
f) Health problems due to spreading of waterborne communicable diseases like Cholera, Diarrhea 
g) Damage to ecosystems 
h) Damage to agricultural land, crops and livestock. 
The impacts mentioned above can be reduced or prevented if effective flood management approaches 
are put in place.  
2.3.9 Flood management approaches 
Despite the tremendous impact of floods, floods cannot be absolutely controlled, rather can be 
managed to minimize losses caused by floods (Disaster Management, 2015). The ideal flood 
management strategies include (Disaster Management, 2015): 
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a) Modifying the floods using physical measures such as development of embankments, detection 
reservoirs, and channel and drainage system improvements. 
b) Modify the susceptibility to flood damage through the implementation of activities that minimize 
the vulnerability of property to floods particularly in flood prone areas. For instance, flood 
mapping, coastal zone management, land use planning (Llantwit School, 2010). 
c) Modify the loss of burden through action that compensates the loss to the entire community. The 
action may include immediate rescue and relief efforts such as provision of food, shelter, 
sanitation, and long-term reconstruction (Llantwit School, 2010).  
d) Bearing the loss which involves accepting the floods and living with it.  
 Integration of GIS, remote sensing and hydrological modeling 
Over the years, various researches have indicated that integrating hydrological models, hydraulic 
models and Geographical Information Systems that includes computer models, digital data, satellite 
images and good network observation, constitute a reliable flood management system (Els, 2011; 
Feldman, 2000; Abushandi & Merkel, 2013; Abdou et al., 2018; Cabral et al., 2015;Tong et al., 2017). 
According to ShahiriParsa, et al. (2016) computer modeling is the most efficient tool with the least 
possible cost to study and provides capabilities to simulate the behavior of the complex rivers during 
floods. Advancements in remote sensing and GIS techniques utilizes computer modeling and are 
important in data acquisition, management and analysis to improve flood modeling approaches. The 
current flood models integrate GIS to improving the analysis and visualization of complex flood 
scenarios (Emerton, et al., 2016).  
2.4.1   Remote sensing 
(National Academy of Sciences-U.S. (1973) and also cited by Campell (2002) described remote 
sensing as “the joints of employing modern sensors, data processing equipment, information theory and 
processing methodology, communications theory and devices, space and airborne vehicles, and large –
systems theory and practice for the purpose of carrying out air or space surveys of the earth.” The air 
or space survey has evolved from mounting a camera or sensor on balloons (1859) to kites (1880) to 
pigeon (1903) to airplanes (1908) and to satellite sensors (1970s to current date). The satellite remote 
sensing brought about global earth observation systems in 1990s. For instance, medium resolution 
LANDSAT launched in 1972, high resolution WorldView 2 launched in 2009 with 46cm panchromatic 
resolution and 184cm multispectral resolution, and 100cm resolution IKONOS, among others. 
  
NATALIA DAMBE 21 
 
The acquisition of remotely sensed data has provided researchers, organizations and different users 
reliable information about the earth surface that is applicable in management, mapping, monitoring, 
modelling in different sectors such as land use management, geology, mining, and hydrology, among 
others.   
Uses of remote sensing in hydraulic and/ or hydrological modeling  
Remote sensing has great potential in hydrological remote sensing, particularly satellite remote 
sensing because its application is cost effective as compared to field surveys (Thakur, et al., 2017). Two 
integral parts of satellite remote sensing described by Thakur (2017) include optical, hyperspectral, and 
microwave remote sensing. Optical remote sensing allows observing and measuring information in 
remote areas. However, the optical remote sensing has limited penetration capabilities of energy radiation 
into the earth's surface because is made of the visible and thermal domain. Examples of optical remote 
sensing include Sentinel 2, Landsat: multi spectral scanner (MSS); Thematic Mapper (TM). The 
hyperspectral remote sensing is advanced in detecting and recording targeted areas or object because the 
sensors use more than 100 spectral bands across visible and medium infrared domains. The level of detail 
in hyperspectral data makes it applicable to detect changes in vegetation, water, and soil (Thakur, et al., 
2017).   
Microwave remote sensing provides radar images that are created from the backscatter signal of 
emitted pulses. Radar systems are advantageous because the radar pulse can penetrate cloud cover, thus 
ideal for flood detection. In addition, remote sensing system has the capabilities of weather radar 
measurements like rainfall; and can measure small changes in elevation using interferometry synthetic 
aperture radar (InSAR). 
Errors in remote sensing 
Remote sensing as any other technique is subjected to errors and uncertainties (Ameta, 2015).  Ameta 
(2015) classified remote sensing errors as positional and classification errors.  Lunetta et al. ( 1991) 
identified the potential sources of errors in the data process flow during the integration of remote sensing 
data into GIS. The results by Lunetta et al. (1991) and discussions by Thakur et al. (2017) give more 
details on remote sensing  errors and their sources. 
Errors and their sources by Lunetta et al and  Thakur et al. are as follows: 
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a) Data acquisition errors: the errors can be caused by atmospheric conditions, natural variability of 
landscape, geometrical aspects, sensor systems, sensor platform instabilities, limited ground 
control points for accuracy assessment, and image and relief displacement due to lack of scene 
consideration.  
b) Data processing errors due to data conversion and geometric rectification. 
c) Data analysis errors  caused by: assumptions of independence measure of parameters and error 
variance in quantitative analysis, classification system as a result of mixed classes, transition 
zones poorly defined or ambiguous class definition, human subjectivity, lack of compatibility 
between different classification systems, and data generalization. 
d) Final product presentation errors that are introduced as geometric errors from base maps with 
different scales, different national horizontal datum in the source materials, and different 
minimum mapping units.  
e) Data conversion errors, for example raster to vector and vector to raster conversion.  
2.4.2    GIS  
Escobar et al. (2008) argues that GIS is difficult  to define because it represents the integration of 
many fields. Escobar et al. and; (Mekni, 2010)  adopt  the widely recognized definition of GIS formed 
by the National Centre of Geographic Information and Analysis: 
“GIS is a system of hardware, software, and procedures to facilitate the management, manipulation, 
analysis, modelling, representation and display of georeferenced data to solve complex problems 
regarding planning and management of resources.”   
The era of GIS starts from the 1854 (GISGeography, 2018). The pioneering era of GIS was from 
1960s to about 1975 (GISGeography, 2018). This era is called the pioneer period. It is during this period 
that GIS was the broadly accepted and for the first time fully functional at Canada Geographic 
Information System (Tomlinson, 2012; Khosrow-Pour, 2018). Since 1963, GIS was used for analysis of 
Canada Land Inventory data and production of statistics to develop land management plans 
(GISGeography, 2018; Tomlinson, 2012).  It was in the mid-1960s when GIS functionalities were 
extended to combine spatially-referenced data, spatial models and visualization (Khosrow-Pour, 2018).  
Ian McHarg who lived from 1920 is 1981 is one of the pioneers to be the “Father of GIS” and the 
“Father of map overlays” (Waters, 2010). The map overlays transformed the face of GIS. McHarg’s map 
overly allowed to create master overlay for comparison of land cover, aquifer recharge, flood plains, 
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streams, slope, and impervious soils (McHarg & American Museum of Natural History, 1971). The 
master overlay highlighted intrinsic natural features such as flood zones and wetlands. Example of map 
overlay is shown in Figure 2-7 where land and water features are overlaid. The map overlay method  
allowed limitless combination of mapable attributes for simple representation of the earth’s surface and 
its features (McHarg & American Museum of Natural History, 1971). McHarg’s map layering concept 
(see Figure 2-7) is composed of four “Ms” namely Measurement, Mapping, Monitoring, and Modeling.  
The second era is the mid-1970s to the early 1980s and it is referred to as the government-funded 
experimental research period. During this period the concepts and software developments were carried 
out within academia, government agencies, and industry.  
The commercial period followed, between early 1980s to late 1980s. It was during the commercial 
period that GIS software was more utilized in both government and commercial organizations, and 
widely applied in transport and facility planning and management, cadastral systems, agriculture and the 
environment, the forestry and civil engineering sectors. The first commercial GIS software called 
ARC/INFO was released during this period in 1982 by Esri. 
 
Figure 2-7: McHarg’s map layering concept (Adapted from McHarg & American Museum of Natural History, 1971) 
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 The end the 1980s to the mid-1990s forms the period of user dominance and interaction. GIS was 
most employing analysis. There was significant progress of GIS vendors and improvements from a 
command line interface to graphical user interface (GUIs), and continual developments in computer 
hardware and commercial operating systems. The user had capabilities to sort, select, extract, reclassify, 
re-project and display data based on complex geographical, topological and statistical criteria (Brovelli, 
n.d.).  More advancements in GIS proceeded from 2005 to current date, where crowdsourcing and social 
networks have influenced the capabilities of computing technology. Now it is a universal world of 
volunteer GIS, of the Spatial data Infrastructure inspiring information flow (Brovelli, n.d.), web-based 
mapping and mobile GIS, cloud computing and big data. People have access to freely available GIS 
software such as Google Earth, OpenStreetMap, QGIS, saga GIS, among others.  
The role of GIS within hydrological and hydraulic modeling 
GIS has many functionalities that encourage the integration of GIS with hydrological and hydraulic 
modeling (Thakur, et al., 2017). Some of the general roles provided by Djokic (2015) include speeding 
up the model running process. The GIS functionalities are: 
a) Pre-processing of spatial depth before importing it into the hydraulic model (Djokic, 2015) 
b) Creation of digital terrain models (Djokic, 2015) 
c) Calculation of watershed characteristics (Djokic, 2015) 
d) Image overlaying (McHarg & American Museum of Natural History, 1971) 
e) Network analysis (Esri, 2012) 
f) Database management (Thakur, et al., 2017) 
g) Visualization of results (Esri, 2012; Djokic, 2015) 
Integration of GIS into hydraulic and/or hydrological modeling 
Originally, in 1960s and 1970s GIS and hydrological modeling were developed and employed in 
isolation and with minimal interaction with each other (Sui & Maggio, 1991). Sui & Maggio (1991) 
review that the integration of GIS with hydrological modeling is a recent innovation that took better 
shape in the 1980s to improve the analytical capabilities of GIS. During that time, GIS powerful 
capabilities to process Digital Elevation Model (DEM)  for hydrological modeling provided a new 
technique for data management and visualization. The integration of GIS with hydrological modeling 
allowed hydrologists to obtain accurate digital representation (Sui & Maggio, 1991), fast production of 
results, and reduced model simulation time (Thakur, et al., 2017).  
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The GIS integration methods keep developing over time (Thakur, et al., 2017). Kopp (1996) states 
that there are three general approaches to GIS model integration, which are: GIS based modeling, data 
bridge and embedded. While Els (2011), Sui & Maggio (1991), and Thakur et al. (2017) present four 
integration approaches, namely: (1) embedding GIS in hydrological modelling, (2) embedding 
hydrological modeling in GIS, (3) loose coupling and (4) tight coupling. The approaches by Kopp have 
the same general concepts as the approaches discussed by Sui & Maggio, Thakur, and Els. For instance, 
data bridge is similar to loose coupling, embedded code agrees with embedding GIS in hydrological 
modeling, and GIS-based modeling with tight coupling. The approaches are described below, including 
their advantages and disadvantages.  
                            




d) Embedding GIS in hydrological modeling  
The approach (see Figure 2-8a) integrates GIS functionalities into a hydrological modeling package. 
Examples of the latest versions of this approach are RIVERCAD, HEC-RAS 20.0, RIVERTools, and 


















a)  Embedding GIS in hydrological 
modeling 
 
b) Embedding hydrological modeling in GIS 
 
 
c)  Loose coupling 
 
d)  Tight coupling 
 




NATALIA DAMBE 26 
 
and regard GIS as conceptually irrelevant to the fundamentals of hydrological modeling. The two 
disadvantages of this approach are: the limited data management and visualization capabilities of the 
hydrological modeling software packages as compared to the commercial GIS software packages; and 
intensive programming requirements that are sometimes redundant.  
e) Embedding hydrological modeling in GIS  
The approach (see Figure 2-8b) uses stand-alone GIS modules with functions of hydrological 
modeling to improve the analytical modeling capabilities such as HEC-RAS developed by Army Corps 
of Engineers. The main advantage of the approach is the full utilization of GIS functionalities. The 
downside of the approach is that the modules are very simplified and may be validated or not to meet the 
industry standards.  
f) Loose coupling 
The approach (see Figure 2-8c) integrates a standard GIS package (such as Arc/info), hydrological or 
hydraulic model (such as HEC-1, HEC-2, STORM), and statistical package via data exchange using 
either ASCII or binary data format. Unlike embedding GIS in hydrological modeling, loose coupling 
avoids programming redundancies and minimal programming requirements making loose coupling 
flexible to use. However, problems may arise when converting data formats between packages. The data 
format conversion process can be tedious or cause errors.  
g) Tight coupling 
The approach (see Figure 2-8d) embeds hydrological models within a commercial GIS software 
package (Sui & Maggio, 1991). The approach allows users to run a series of individual commands in a 
batch mode or develop a customized user interface for specific applications (Sui & Maggio, 1991).  
Problems in integration GIS with hydrological and/or hydraulic modeling  
Thakur (2017) categorises the problems of integrating GIS with hydrological modeling into three 
parts: existing, inherent, and computational problems. The existing problems are technical problems in 
integrating database. Most of the problems that are documented deal with technical issues, and little is 
said about the broad conceptual issues concerning integration (Sui & Maggio, 1991). The broad 
conceptual issues are directly linked to randomness, space and time in deterministic lumped models. The 
conceptual issues arise because currently the models such as HEC-1, HEC 2, USGS’S DRM3, are 
accepted and used though the models are not validated in the scientific sense (Sui & Maggio, 1991). 
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According to Sui & Maggio (1991) the loose coupling of GIS with conceptual models improve the 
scientific foundation of hydrological modeling.  
The computation problems are a result of GIS databases being in vector format because GIS 
functionalities are meant for map layers and geometric transformation. The vector format makes it 
challenging to carry out hydrological modeling analysis (Thakur, et al., 2017). 
Furthermore, the problems of GIS integration with a hydrological model also arise because of 
complexity of hydraulic and/or hydrological models. The model complexity limits operation capabilities 
of users, and mostly requires large scale data which are not always available (Els, 2011). Another 
challenge is time variability because hydrological and hydraulic modeling are dependent on time and 
require time series simulations, which are limited in GIS; and a wide range of data formats for various 
software packages.  
Despite all the problems that need to be resolved to integrate GIS with hydrological and hydraulic 
modeling, the integration of GIS and hydrological modeling is still employed. However, Els (2011) 
recommends complex modeling to be carried out in its hydrological modeling environment.  
2.4.3 Modeling 
A model is an abstract or representation of reality, and modeling is a process of representing a real 
phenomenon or process (Hamburg University of Technology, 2010). Dooge (1973) described a Model 
as a simple illustration that approximates the actual complex system. The mathematical model simulates 
mathematical data and equations (Hamburg University of Technology, 2010).  
Flood modeling 
Historically, flood modeling used simple methods to measure the magnitude or frequencies of floods 
(Alexander, 2012). According to Alexander (2012) the measurements for analysis were computed 
through the application of linear extrapolation using slide rules and graph papers; and annual flood peak 
maxima were plotted on Log-probability graph papers. Hydro-meteorological records were scarce and 
limited to 30 years in length (Alexander, 2012). The measurement techniques became complex in the 
1950s, when the mainframe computers were invented and were overly adopted in processing 
hydrological data and calculations to produce clear graphs and tables (Alexander, 2012). Recent 
developments have led to the use of sophisticated computers with high power and speed; employment of 
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numerical models in both statistical (measured) and deterministic (predicted) approaches (Alexander, 
2012).   
There are two mathematical modeling processes for flood management. The modeling processes are: 
hydrological and hydraulic modeling. Hydrological modeling is important in flood management to 
answer the question of “how much water is there?” Hydraulic model is relevant in answering the 
question “where will the water go?” (Djokic, 2015). Hence, the hydrological models represent 
precipitation-runoff modeling to compute the amount of water that translated into runoff for a given 
rainfall event. On the other hand, the hydraulic models determine the quantity, speed, depth, and coverage 
(extent) of water, and the shape of the landscape and the stream channel. River flood modelling is made 
of three main components (1) hydrological modeling, (2) hydraulic modeling and (3) river flood 
visualization using a geographic information system - GIS (Alaghmand, et al., 2012).  
Hydrological modeling  
Hydrological models are used to estimate the flow of water depending on the level of complexity of 
the water channel, the available data, and the technical complexity of the model itself (Simonov, 2017). 
Hydrological models have many applications including flood forecasting, geographical and 
environmental management (Simonov, 2017). Three different types of hydrological modelling include 
routing, which is based on the description of river channel processes; catchment which relates to the 
description of watershed processes; and combined routing and catchment modelling where the catchment 
model simulates the response of catchment to produce runoff at a point, and the routing model directs 
the runoff in the catchment.  
Hydrological models can also be classified as data driven models, conceptual models and physical 
processes. The data driven models are simple and easy models that use recorded long-time series data if 
available. The conceptual models are widely used and are easily interpreted by the decision makers. The 
physical process models are complex and require a spatially distributed rainfall, geomorphological and 
hydromophological data.   
Some of the examples of hydrological models include the Storm Water Management Model (SWMM) 
by United States Environmental Protection Agency (EPA) (Pretorius, 2011); E- HYPE (Environmental 
Hydrological Prediction for the Environment) multipurpose model that uses open source data for flood 
forecasting, water management and research experiments (Emerton, et al., 2016); Variable Infiltration 
Capacity (VIC) model; TOPMODEL; HBV; MIKESHE; Soil and Water Assessment Tools (SWAT) 
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model (Devi et. al, 2015); the Hydrologic Engineering Centre- Hydrologic Modelling System (HEC-
HMS).   
Hydraulic modeling 
There are two main types of hydraulic modeling that are commonly used: the one-dimension (1D) and 
two-dimension (2D) model. The 1D model employs the 1D equation of flow to calculate single water 
level, flow rate and velocity of each cross-section. The 2D model solves 2D equation of flow to determine 
the water depth and average velocity on a grid and mesh (DTM and/or bathymetry) of channels. The 2D 
model is better at calculating velocity variations on the floodplain, and it is a more accurate model in 
situations where high details are required. However, the 1D model is simple, fast and better in 
representation of in-channel water levels, flows and point features such as weirs, bridges and sluices. 
Nevertheless, 1D and 2D models can be combined to improve the results of a model. With regards to 
flood mapping, 1D and 2D models are linked together such that 1D model is used in areas where the risk 
is low and 2D model is applied in high risk areas to obtain the high details required.  
ShahiriParsa, et al., (2016) compared the 1D model (Hydrologic Engineering Centers-River Analysis 
System) and 2D model (CCHE2D) by simulating the flood zone of the Sungai Maka district in Kelantan 
state, Malaysia. The comparison results of the two models indicated that there was not much difference 
in the simulated sections. 
Gharbi, et al. (2016), carried out a flood hydrograph simulation of the Medjerda River in Tunisia to 
estimate flood routing on both steady and unsteady flow rivers using 1D HEC-RAS and 1D MIKEII and 
2D TELEMAC hydraulic models. The 1D HEC-RAS provided the rough definition of floodplains, 
however, the riverbed was generated precisely. On the other hand, the 2D TELEMAC model generated 
a precise topography of the river’s floodplain. Thus, Gharbi, et al. used the 2D model to improve the 1D 
model. Like Gharbi, Al-Abed, et al. (2005), Snead (2000) carried out comparative analysis between the 
unsteady flow and steady flow of 1D HEC RAS and MIKE II. The results showed that the surface 
elevation of the steady flow hydraulic model was less than the unsteady flow because the movement of 
the flood wave drainage basin.  
Existing flood models 
The development of flood systems has escalated the flood risk management (Langhammer, 2008). 
Over the years, the innovations in flood modeling have led to the development of global systems to 
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provide large-scale flood early warning systems. Recently, there have been two operational Global Flood 
Forecasting Systems in the world (Emerton, et al., 2016). Firstly, the Global Awareness System of the 
European Centre for Medium-Range Weather Forecasts (ECMWF) and European Community (EC). 
Secondly, the Global Flood Forecasting and Information System (GLOFFIS) operated by Deltares. The 
other large-scale system, however, not operational, is an experimental Global Flood Monitoring System 
(GLOFAS) developed by the National Aeronautics and Space Administration (NASA) and the 
University of Maryland. GLOFAS functioned based on the real-time global maps and flood events.  
The other larger scale hydro-meteorological Flood Forecasting Systems include the four continental 
Flood Forecasting Systems (Emerton, et al., 2016). The four systems are the European Flood Awareness 
Systems (EFAS) owned by European Commission (EU), the European Hydrological Predictions for the 
Environment (E-HYPE) owned by Swedish Meteorological and Hydrological Institute (SMHI), the 
Australian Flood Forecasting and Warning Services (FFWS) that is operated by the Bureau of 
Meteorology, and lastly the Hydrologic Ensemble Forecasting Service (HEFS), a United States system 
that is run by the United States National Weather Services (NWS).   
Additional examples of the hydrological model utilized by researchers, governments and 
organisations include: Stormwater Management Model (SWMM) by United States Environmental 
Protection Agency -EPA (Pretorius, 2011), European Hydrological Prediction for the Environment by 
Swedish Meteorological and Hydrological Institute- SMHI (Emerton, et al., 2016); the Hydrologic 
Engineering Centre- Hydrologic Modeling System (HEC-HMS); MIK E SHE; Hydrologiska Byrans 
Vattenavdelning (HBV) model; Variable Infiltration Capacity (VIC) model by University of Washington 
(Devia & Dwarakish, 2015) TOPMODEL; Soil and Water Assessment Tools (SWAT) model; and 
Identification of  Unit Hydrographs and Component Flows from Rainfall, Evaporation, and Streamflow 
(IHACRES) Model. 
a) TOPMODEL 
Durand, et al., (1992) used TOPMODEL to simulate two small granitic catchments where the 
calibration and validation of the model proved to be satisfactory with good fits from 0.80 to 0.94. 
TOPMODEL is a semi-distributed conceptual model (Devia & Dwarakish, 2015, Tarboton, 2003). Devia 
& Dwarakish (2015) suggested TOPMODEL to be used in shallow soil and moderate topography.  
b) HBV model 
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HBV model is a semi-distributed model that can produce reasonable river flow results (Jones, 2017; 
Devia & Dwarakish, 2015). The input data may include precipitation, runoff, soil moisture, upper and 
lower groundwater zone, lakes, and snowpack (Devia & Dwarakish, 2015).  
c) HEC-HMS 
HEC-HMS system software is a physically-based distributed, continuous and watershed model 
(Abushandi & Merkel, 2013; Al-Abed, et al., 2005) developed by the Hydrologic Engineering Center of 
the Army Corps of Engineers in the United States of America with the purpose of determining flows of 
centenary rain (Cabral, et al., 2015). The software is widely used to simulate and forecast streamflow or 
rainfall- runoff of watershed systems (Abushandi & Merkel, 2013; Al-Abed, et al., 2005) and is 
applicable in large river basin water supply, flood hydrology and small urban or agricultural watershed 
runoff (Al-Abed, et al., 2005). The model can be applied in humid, tropical, subtropical, and arid 
catchments (Abushandi & Merkel, 2013; Chu & Steinman, 2009). Chu & Steinman (2009) applied HEC- 
HMS to simulate four rainfall events and continuous runoff of the Mona Lake watershed in West 
Michigan to estimate the quantity, variability, and sources of water flow. Baumbach, et al. (2015), 
Bueche, et al. (2015) developed and examined the watershed of Upper White Sub-basin and HEC-
GeoHMS and ArcHydro extensions in ArcGIS to estimate the flood area and depth using ArcHydro 
extension in ArcGIS. The main input data used included DEM (raster), rtreams (vector), catchment area 
(vector), gauge station data, such as stream flows, gauge station location, time series data (table).  
d) MIKE SHE model 
MIKE SHE Model is a physical based model developed in 1990 to simulate surface and ground flow. 
As a physical model, MIKE SHE relies on the spatial variations and topography, which makes the model 
applied in a large area. The model determines the interaction of surface and groundwater, water quality 
problems, including prediction of sediments and nutrients, and the movement of pesticides in water. 
MIKE SHE model uses many input parameters such as saturated groundwater flow, unsaturated 
groundwater flow, river flow, evapotranspiration, and precipitation among others.  
e) VIC model 
VIC model is a semi-distributed model that employs energy and water balance equations to calculate 
the saturated excess runoff, infiltration excess runoff, groundwater interactions, and groundwater table 
(Devia & Dwarakish, 2015). The input data of VIC model are precipitation, minimum and maximum 
daily temperature, soil heterogeneity, infiltration, runoff, base flow and land cover (Devia & Dwarakish, 
2015). The soil heterogeneity is divided into three layers: the top layer where water evaporation occurs 
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from the soil, the middle layer that allows dynamic responses like excess infiltration of runoff and the 
lower layer, a storage of runoff water that contributes to soil moisture (Devia & Dwarakish, 2015). The 
layers above allow the structuring of water during a rainfall event into surface runoff and saturation 
excess runoff. VIC model is applied in the prediction of climate and land cover changes over moist and 
cold areas, irrigation planning, and water management for agriculture.  
f) SWAT 
The SWAT Hydrological model produces efficient predictions so that only minor calibrations are 
necessary (Devia & Dwarakish, 2015). The model has many applications including continuous 
simulation of flow, movement of nutrients and sediment, runoff, and soil erosion (Yang et al, 2000).  
g) IHACRES 
IHACRES is a lumped rainfall-runoff model that can be run on a small and large catchment, and in 
different climatic zones (Dye & Croke, 2003). The model is known to be simple, fast and uses less input 
data (Dye & Croke, 2003; Abushandi & Merkel, 2013). Furthermore, the model has the capabilities to 
evaluate variations in streamflow due to land cover change and determine the dynamic reactions of 
various characteristics of catchments. Dye & Croke (2003) used IHACRES model to assess streamflow 
predictions in Lambrechtsbos and Groot-Nylriver catchments in South Africa. The simulations done by 
Dye & Croke indicated that IHACRES underestimated quick flow events, particularly in drier areas of 
the catchment. 
h) GIS Flood Tool (GFT) 
The GIS Flooding Tool (GFT) was created by US Geological Survey in collaboration with the US 
Agency for International Development Offices of US Foreign Disaster Assistance. The tool was 
developed as a solution for making reconnaissance level flood inundation mapping for communities 
where data and resources for flood mapping are limited.  
Uncertainties of flood modeling 
Flood modeling is subjected to uncertainties. These uncertainties are subjective to change depending 
on the catchment characteristics, event magnitude, and lead time for forecasting (Emerton, et al., 2016). 
Emerton, et al. (2016) stated four sources of uncertainty of hydrological models, which are: input data, 
evaluation data, model structure, and parameters.  Uncertainties mostly arise where there is generalized 
prediction because of modeling a large area at a small scale. The generalization is corrected by comparing 
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the modeled historic events with the observed events. However, the comparison of historic and observed 
events cannot eliminate the under predicted or/and the over prediction of rainfall intensity.  
Fortunately, the limited access to quality real-time and lengthy data, to some extent has been overcome 
by availability of new types of remote sensing techniques like satellites, and standardization of 
inhomogeneous data through international and interdisciplinary data sharing and open source data. 
Otherwise, most developing countries have limited tools or approaches to measure or compute spatially 
distributed evaporation and rainfall because of the difficulties in predicting of conventional and 
orographic enhancement processes. In turn, the complexities of the actual model cannot fully represent 
the uncertainties due to data limitations.  
2.4.4 Related works that integrated remote rensing, GIS and flood modeling 
Cabral, et al. (2015) and Musa, et al. (2016) integrated remote sensing and a geographic information 
system (GIS) techniques to model and map floods. Cabral, et al. delineated flooded areas in the medium-
sized Acaraú River Basin in Ceará State, Brazil to quantify the areas affected by floods. Overall, the 
flood model satisfactorily represented the affected areas and showed the locations with the greatest 
flooding. Musa, et al. carried out flood Modeling of complex deltas in an area with scarce data and 
analyzed the vulnerability of the area to flooding, erosion and inundation. The final calibrated model had 
a correlation coefficient of 0.97 with the measured data. 
Abushandi & Merkel (2013) compared the performance of HEC-HMS with IHACRES model from a 
single storm event based on an hourly scale. The input datasets that Abushandi & Merkel used for the 
HEC - HMS model included runoff, land use, and slope, while the inputs for IHACRES included rainfall 
and temperature data. Among the input data, it was found out that Curve Number (CN, representing 
runoff) was the most sensitive parameter in the HEC-HMS model with an average of 2.7 and impervious 
relative sensitive value of 3.1. All the other parameters in the HEC-HMS model indicated weak effect 
on the model, implying that changing CN can have an impact on the output for various rainfall events 
(Abushandi & Merkel, 2013). The most sensitive parameter for IHACRES model was rainfall with an 
average coefficient of 0.5, and almost all the other parameters strongly affected the output of the model.  
The results obtained from each model were validated using the observed streamflow data from a 
discharge station. The comparison results indicated that HEC-HMS fitted well with the streamflow data 
and yielded the Nash-Sutcliffe coefficient of 0.88, while IHACRES model had Nash-Sutcliffe coefficient 
of 0.51.  
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Yang, et al. (2000) compared the characterization and spatial variability of three physical-distributed 
hydrological model: MIKE SHE, TOPMODEL and Geomorphology-based (GB) models. Yang et al. 
recommended the use of MIKE SHE model in smaller catchments. Similarly, Devia & Dwarakish (2015) 
recommended the use of MIKE SHE in smaller catchments because of the demanding data requirement 
which may be challenging to acquire. Again, Devia & Dwarakish stated that some users find it 
challenging to manipulate MIKE SHE code to meet their requirements. Devia & Dwarakish experienced 
that MIKE SHE had the highest processing ability as compared to HBV model, VIC model, IHACRES 
model, and TOPMODEL.  
Jones (2017) applied HBV and TopNet model with climate change as a variable to measure river flow 
of Shotover Catchment in New Zealand. Jones’s findings showed that complexity of the fully distributed 
model such as TopNet affects the model output more than the input data or modeling uncertainties. 
Jones’s results indicated that semi-distributed HBV models are dependent on the minimal data inputs as 
compared to fully distributed models such as MIKE SHE and TopNet.  For instance, the HBV model 
used accurate physical parameters that were not well distributed to the catchment thus performed poorly 
as compared to TopNet model which only used interpolated data that covered the entire catchment area. 
Thus, semi-distributed models can be used as alternatives in cases where fully distributed models cannot 
be employed and can be applied in flood forecasting (Jones, 2017: Devia & Dwarakish, 2015).  
 Flood visualization using GIS 
Flood visualization aims at communicating the right flood information to various audiences, hence 
there is no general style for visualizing floods. The important aspect of visualization is knowing the users, 
the purpose of visualizing, the type of data to be presented, and the exact information to rely. For instance, 
to visualize flooding, the event can be presented on a map depicting the spatial extents and depth of 
flooded water.  
Visualization can be presented in many ways, such as maps, charts, graphs, tables, animations and 
statistics, among others. The most employed means of visualization for floods include maps and 
hydrographs. Since GIS represents features on the earth by linking geographical information with 
descriptive information (Esri, 2012), GIS has been utilized in creating flood maps (Brovelli, n.d.; 
Alaghmand, et al., 2010; Bueche, et al., 2015; Esri, 2012; Kopp, 1996).  
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The two main types of flood mapping are flood hazard maps and flood risk maps (EXCIMAP, 2007; 
Díez-Herrero, et al., 2009). Flood risk maps show the resources at risk, vulnerabilities and estimates of 
the damage caused (Díez-Herrero, et al., 2009). 
Flood hazard maps in simple terms show areas that are most likely affected by flooding. Flood hazard 
maps are described as “detailed floodplain maps complemented with: type of flood, extent of the flood; 
water depth or water level, flow velocity or the relevant water direction” (Prinos, 2008, EXCIMAP, 
2007). The various aspects of flood hazard maps and other types of maps are shown Table 2-2 (Díez-
Herrero et al., 2009). 
Table 2-2: Type of flood hazard maps and examples (Source: Díez-Herrero et al., 2009: 112) 
Type of flood hazard maps Examples 
 Spatial-temporal development 
 
Maps of areas flooded during a specific flood, or single event mapping 
Maps of potentially flooded areas caused by rainfall and in situ accumulation 
Maps of areas or points flooded during historical flood and palaeofloods for the 
purpose of stocktaking or local studies 
Maps of groundwater resident  times or seasonality 
Maps of characteristics times of the hyetograph-flood relationship like times of 
concentration, travel 
Natural phenomena severity 
 
Water depth maps during an actual flood or modeled flood. 
Water velocity maps during an actual or modeled flood 
Sediment load transport map 
Probability of the phenomena Hydrologic-hydraulic maps 
Geological-geomorphological maps 
Other accompanying maps to 
represent the risks associated with 
floods, particularly fluvial floods 
Risk damage maps caused by floods 
Lithological map reclassified according to excavatability, surface formation and 
slope stability 
Landslides, rockfalls, active erosion processes 
Modification in the channel and/or plain following flood 
Table 2-3 presents a summary of the flood map (for both flood hazard and flood risk maps) in terms 
of characteristics, purpose, use, scale, accuracy and target group or users (EXCIMAP, 2007). Another 
parameter that can be added is flood duration in the context of inundation maps to show the time period 
when an area was or may be inundated (Els, 2011). From the table, it can be derived that flood hazard 
and flood risk maps have different parameters, purpose and use.  However, scale and accuracy 
requirements are the same. 
The users or target groups have different map information because of varying purposes specified by 
various users (EXCIMAP, 2007). The varying purposes may affect content, scale, accuracy and 
readability of the maps to match requirements (EXCIMAP, 2007). Obviously local level flood maps will 
require higher accuracy and larger scale than national or regional level maps.  
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Based on EXCIMAP (2007), generally, the core uses of flood maps are: 
a) Flood risk management strategy (prevention, mitigation),  
b) Land-use planning, land management,  
c) Emergency planning, 
d) Raising public awareness, and 
e) Private sector, mostly insurance sector 
Table 2-3: Summary of flood hazard maps and flood risk maps in respect of the content, purpose, scale, accuracy and target 
group or user (EXCIMAP, 2007) 
  Flood hazard map Flood risk map 
Content Flood parameters such as: 
✓ Flood extent according to probability classes 
✓ Past events 
✓ Flow depth 
✓ Flow velocity 
✓ Flood propagation 
✓ Degree of danger 
Risk parameters such as: 
✓ Assert risk 
✓ Flood vulnerabilty 
✓ Probable damage 
✓ Probable loss (per unit time) 
Purpose / use ✓ Land use planning and land management 
✓ Watershed management  
✓ Water management planning 
✓ Hazard assessment of local level 
✓ Emergency planning and management 
✓ Planning of technical measures 
✓ Overall awareness building 
✓ Basic for policy dialogue 
✓ Priority setting measures 
✓ Flood risk management strategy 
(prevention, mitigation) 
✓ Emergency management (e.g. the 
determination of main users) 
✓ Overall awareness building 
Scale ✓ Local level: 1: 5 000 to 1: 25 000 
✓ National level, whole river basin: 1: 50 000 to 
1: 1 000 000 
✓ 1: 5 000 to 1:25 000 
✓ 1:50 000 to 1: 1 000 000 
Accuracy ✓ High: Cadastre level for detailed maps 
✓ Low: whole river basin, national level 
✓ High: Cadastre level  
✓ Low: whole river basin, national level 
Target 
group/user 
✓ National, regional or local land-use planning 
✓ Flood managers 
✓ Emergency services 
✓ Forest services (watershed management) 
✓ Public at large 
✓ Insurance 
✓ National, regional or local emergency 
services 
✓ National, regional or local water and 
land use managers 
The flood risk management (strategy and planning) specifications are given in Table 2-4. The mapping 
scale at the national or regional level ranges from 1: 100 000 to 1: 1 000 000, while at the local level is 
1: 5 000 to 1: 50 000. 
Table 2-4: Flood risk management map specifications: scale or level, use of flood maps, complexity and content of flood 
maps (source: EXCIMAP 2007) 
Level/ scale Use of flood maps Complexity Content of floods 
  







regional: 1: 100 000 
– 1: 1 000 000 
• Broad-scale 
planning/prioritization of 
flood risk management 
measures/ strategies 
• Flood risk management 
within the river basin 
• Delineation of strategic 
flood storage zones 
(retention areas, wash 
lands) 
• Decision makers 
• Technical services 
• Easy to 
understand 
simplified maps 
• Flood extent 




• Pollution risks 
• Assets at risk 
• Indicative 
vulnerability 
Local: 1: 5 000 
– 1: 50 000 




• Decision makers 
• Technical services 
• Complex maps 
possible 
• Flood extent 
• Water depth 









The literature review chapter provides detailed review of related literature on natural hazards with 
emphasis on flood. Flood poses severe impact on people in terms of deaths, displacement and damage to 
property and environment. The review of GIS, remote sensing and flood modeling indicates the power 
of integrating (with consideration to errors and uncertainties) these three techniques in analyzing flood 
for better understanding and management of flood to reduce flood impacts. Based on the review, many 
researchers have integrated remote sensing and GIS in hydrological and hydraulic systems to compute 
flood extents (water depth and velocity) and to visualize floods. Various computer models, digital data, 
satellite images and good network observation have been applied by other researchers. The literature 
review formed a basis for considering appropriate flood model software packages, data and accuracy 
requirements to develop a fit flood model.  
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3 Data and Study Area 
 Study area  
The study area and data Chapter provides descriptions of the study area – Chikwawa District in the 
Southern Region of Malawi, see Figure 1-2. The Chikwawa district is within the Shire River Basin in 
Malawi. It was selected as a case study for development of flood modeling because the areas experience 
frequent floods and the vital element of data requirements in the context of developing countries. Malawi 
is considered one of developing countries and faces problems to access good quality and updated data. 
Therefore, this research has selected Malawi to explore other viable options of maximizing available data 
and methods to improve quality of the results in flood modeling.  
3.1.1 Chikwawa within Shire basin catchment area 
Chikwawa District is within the Shire River catchment area, an international drainage basin located 
in three countries: Tanzania, Malawi, and Mozambique. The Lake Malawi drainage is called Shire 
catchment. The shire catchment is divided into three sub-catchments: North, Central, and South. The 
study area selected is within South sub-catchment and is situated below the lower part of Lake Malawi. 
The mass area of Shire River Basin within the Malawian border is approximated as 22, 317 square km. 
The basin consists of one administrative city and fourteen districts with estimated total population of five 
million and thirty-three thousand in 2015.  The districts are divided into Traditional Authorities (TA), 
sub-traditional authorities or Sub-Chiefs (SC), towns, national parks, game reserves and water bodies.  
The basin is beneficial to the country because of its natural resources. For instance, the basin provides 
fresh water for both urban and local communities, serves as a major hydro-electric power generation 
station in Malawi, provides irrigated agriculture, aquaculture, and transportation. The basin also has 
marshes that are home for wildlife and flora, major sugar estates, and small-scale subsistence agriculture. 
Chikwawa experiences three seasons per year: cool dry season from May to August, hot dry season 
from August to October, and wet hot season between November and March. Therefore, the dry season is 
from May to October; and rainy season is from November to March. As part of Shire River Basin the 
annual estimated mean rainfall is 897mm. The rainfall is influenced by three factors. Firstly, the 
mountainous terrain in the upper reaches of the Shire Basin, secondly, the Convergence Ahead of 
Pressure Surges (CAPS), and thirdly, the easterly wave system and the tropical cyclones (Department of 
Disaster Management Affairs, 2015). The CAPS usually cause locally heavy rains that extends the rainy 
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season. The easterly wave system mostly triggers rain in March or April when rainy season is ending, 
causing isolated but locally heavy rains. The tropical cyclones influence heavy rainfall resulting into 
severe flooding (Department of Disaster Management Affairs, 2015).  Flooding happens frequently and 
causes loss to life, damage to property such as settlements, national infrastructures (schools, hospitals, 
roads, and railways among others), because of water accumulation in some areas. The records by 
Department of Disaster Management shows that extreme floods occurred in 1988/89, 197/98 and recently 
in 2014/15.   
Rivers and streams 
The basin has rivers and streams that flow into and out Shire River. The Shire River flow is controlled 
by Kamuzu Dam to ensure that there is enough water for hydropower generation. The amount of water 
that flows down Shire River is reduced during dry season and overflows in rainy season and during floods 
when water is excessive. The Ruo River is the major river situated in the Southern part of Malawi that 
drains a large amount of water into Shire River and forms a border between Malawi and Mozambique.  
Soil classes 
Soil Classes found in Chikwawa are loam, clay loam, loamy sand and sandy clay, sandy clay loam, 
sandy loam and rock outcrops. The FAO classified soils in the basin as Calcaric Cambisols, Calcic 
Luvisols, Cambic Arenosols, Chromic Cambisols, Chromic Luvisol, Eutric Cambisols, Eutric Fluvisols, 
Eutric Gleysols, Eutric Regosols, Eutric Vertisols, Gleyic Cambisols, Haplic Luvisols, Humic Alisols, 
Leptosols, Mollic Fluvisols. The soils are exposed to erosion due to poor farming practices, and 
transformation of woodlands and forests to agricultural land. The soil loss is deposited in the dams, 
reservoirs, wetlands, and rivers, to form silt layers. Fifty percent of the Shire River Basin land is 
vulnerable to slight soil erosion and twelve percent of the land is subjected to moderated soil erosion. 
The total volume of soil that is lost from agricultural land annually is estimated to be 5,566, 000m3. The 
areas with steep terrain and escarpment such as mountains have the highest slope of at least twenty-four 
percent. 
Land cover and land use 
The land use of the basin is mostly agriculture, forests, water, built-up and grasslands. Other land use 
categories are rock, gravel and marsh, woodland and plantation, and water bodies. The land use change 
detection from 1991 to 2008 indicated that there was 41% to 38% decrease of forests because of 
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deforestation. The deforestation causes include clearing trees for farming and over-dependence of people 
on trees for domestic use. The deforestation has contributed to flooding because of increase in runoff.  
Geology 
Chikwawa geology is mainly made of Alluvium or superficial deposits and sedimentary and volcanic 
rocks (Chiwambo, 2017).   
 Data 
Determination of flood extent, depth, and velocity through flood modeling requires sourcing necessary 
information to develop the model (Dimet, et al., 2000). The availability of data are important to decide 
on the methodology and flood parameters to be modeled (Els, 2011). The basic sources of flood modeling 
data are field observations and remote sensing (Dimet, et al., 2000). This section analyzes data 
requirement for this study by considering both international and national data sources. Data requirements 
involve outlining and reviewing data specifications (Baumbach, et al., 2015).The chapter consists of 
discussion of criteria for accepting data to model floods, data need to meet the various flood modeling 
methods, data sources, followed by the data challenges faced due to the case study site location, and 
finally the description of each data set in detail. 
3.2.1 Criteria for the admissibility of data for flood modeling 
To ensure the integrity of the research, criteria are set forth for data that are acceptable (Leedy & 
Ormrod, 2011) for flood modeling. The criteria help in checking the quality of data and their sources to 
ensure reliable output results (Westen, 2015; Els, 2011). The criteria for admissibility of data are as 
follows: 
a) Thematic accuracy: making sure the data used for example maps, have the right information 
(Westen, 2015). 
b) Temporal accuracy: the data must match the time required (Westen, 2015). 
c) Appropriate scale: using maps with equivalent scale (Westen, 2015) 
d) Coverage: the data must cover the case study area (Els, 2011) 
e) Resolution: the data have at least medium resolution (Els, 2011)  
f) Availability and cost: if the data can be accessed for free (Pretorius, 2011; Baumbach, et al., 2015) 
g) Type and format of data  (Baumbach, et al., 2015) 
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h) The purpose of research and budget (Baumbach, et al., 2015) 
i)  Data storage capacity (Baumbach, et al., 2015) 
j) Duration of the project (Baumbach, et al., 2015) 
The research is set up on a local level, the case study area is Shire River in Chikwawa District, Malawi. 
Hence, the recommended scale range as per Table 2-4 is 1: 5 000 to 1: 50 000. The flood event to be 
modeled and mapped took place in January 2015. The flood extent, depth, velocity, and duration 
parameters are mapped for flood risk management (refer to Table 2-4).  
3.2.2 Basic data requirement for flood modeling 
Despite that different methodologies may have different data requirements, the basic data 
requirements for flood modeling are as follows:  
a) Topographical data describe the distribution of physical and artificial feature of an area of 
interest (İcaga, et al., 2016; Els, 2011, Farooq & Rabbani, 2018; Kourgialas & Karatzas, 2011; 
Abdou, et al., 2018; Abushandi & Merkel, 2013; Al-Abed, et al., 2005; Alaghmand, et al., 2010; 
Ameta, 2015; Balasubramanian, 2017; Baumbach, et al., 2015, Djokic, 2015; Sinclair & Pegram, 
2004; Feldman, 2000, Asante, et al., 2008) 
b) Rainfall and discharge data describe the amount of rain received in millimeter cubic and 
discharge, which is the flow of water in a river channel in meter cubic (Baumbach, et al., 2015; 
Asante, et al., 2008; Djokic, 2015; Demir & Kisi, 2016; Farooq & Rabbani, 2018) 
c) Historical data to calibrate and validate the model (Djokic, 2015; Els, 2011) 
The datasets are discussed in detail below while taking into consideration the case study area 
(Chikwawa, Malawi) and the criteria for admissibility of the data.   
a) Topographical data 
The topographical data help to determine the water depths, extent, and velocity by incorporating the 
data in the hydrological and hydraulic models. The main hydrological data include terrain elevation, 
climate, land cover, soil type or characteristics, and river channels (İcaga, et al., 2016). The sources of 
these topographical data include contours, DEMs, satellite imagery, aerial photographs, field survey data 
(Els, 2011).  
Terrain elevation  
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 Terrain elevation describes the topographical relief of a catchment area and is used to calculate other 
physiographic characteristics which contribute to runoff and necessary for hydrologic analysis 
(Raghuwanshi, 2014). These examples of the physiographic characteristic include: area, slope, shape, 
drainage density, aspect, and relief (Raghuwanshi, 2014). Terrain elevation is represented by DEM. 
Balasubramanian (2017) defines DEM as a three-dimensional representation of the land surface elevation 
with respect to a reference datum. DEM provides the physical and topographical aspect of the earth 
(Makineci & Karabörk, 2016) and it is used for elevation computations. Terrain elevation (DEM) is 
important in determining SLR (sea level rise) impact; coastal zones flooding risk assessment; and 
hydrological attributes modeling and extraction (Abdou, et al., 2018).  
The DEM is a key input for hydrological model because it is necessary for determining the drainage 
network and catchment boundary.  The three sources of DEM data are ground survey technique, remote 
sensing such as photogrammetric or stereo methods and RADAR, and existing Topographic Maps 
(Nelson, et al., 2009). The three structures of DEM as per Wilson & Gallant (2000) include regular grid, 
Triangulated Irregular Networks (TIN) and contours. The various DEMs are sourced from Remote 
Sensing such as Shuttle Radar Topography Mission (SRTM), Advanced Spaceborne Thermal Emission 
and Reflection Radiometer (ASTER) Global Elevation data, Global Multi-resolution Terrain Elevation 
Data 2010 (GMTED2010), LiDAR, Geoscience Laser Altimeter System-GLAS (Nelson, et al., 2009), 
and DEM generated from interferometry Synthetic Aperture Radar-SAR (Gao, et al., 2017). DEM can 
be generated from interferometry SAR (InSAR) using at least two co-registered Sentinel-1A images 
(Dongchen, et al., 2004; Kamaruddin, et al., 2003; Makineci & Karabörk, 2016). Example of a DEM is 
shown in Figure 3-1. 
Table 3-1: Terrain elevation data type, sources, coverage  
Type  Dataset Coverage Resolution Source 




Global 30 m and 90 m https://earthexplorer.usgs.gov/  
JAXA’s Global ALOS 
3D World 
Global 30 m  https://www.eorc.jaxa.jp/ALOS/en/aw3d30/  




Global 30 m and 90 m https://earthexplorer.usgs.gov/ 
http://srtm.csi.cgiar.org/srtmdata/   
http://www.waterbase.org/download_data.html     
 DEM interferometry 
Synthetic Aperture 
Radar (InSAR) 
Global 10 m to 15 m Generated from DEM interferometry of coregistered 
Sentinel 1 TOP SAR images (Source of Sentinel 1: 
https://scihub.copernicus.eu/dhus/#/home) 
Contours Malawi SRTM 
Contours 
Malawi 50 m Malawi Department of Surveys, 
http://www.masdap.mw/layers/  
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Table 3-1 indicates DEMs and their coverage, resolution and sources. Referring to Table 3-1 InSAR, 
DEM has the highest resolution of 10m to 15m depending on the accuracy of the generation process. 
However, InSAR DEM located below waterbodies is poorly interpolated because the smoothness of 
water causes deflection of backscatter away from a sensor, such that sensors record waterbodies as zero 
(Chatterjee, et al., 2010). Therefore, InSAR DEM could misrepresent river channels and other 
waterbodies hydrologically, hence less reliable in water studies (Chatterjee, et al., 2010). 
 
Figure 3-1: DEM as a main flood modeling input 
Land use  
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Land use data are used to calculate runoff in hydrological modeling and compute Manning’s 
roughness coefficient in hydraulic modeling (Baumbach, et al., 2015). Land use maps were created in 
Malawi by four different organizations, namely JICA, World Bank, FAO, and RCMRD or USAID. JICA 
created national land use maps for years 1990, 2000, 2010 using Landsat image and Spot sensor (Haack, 
et al., 2015). The World Bank conducted national land use mapping for 1973, 1992, 2000 using Landsat 
Multispectral Scanner (MSS) and 2010 using Terre (SPOT) sensor. RCMRD created land use maps for 
1990, 2000, and 2010 using Landsat images (Haack, et al., 2015). Haack et al. (2015) compared the 
different land use maps created by the organizations and their comparative results showed that the maps 
were different though they all achieved thematic accuracy within the range of 85% to 89%. For instance, 
the National percentages of forest and cropland ranged from 18.2% to 28.7%, and 40.5% to 53.7% 
respectively. The differences implied that the Government of Malawi lacks complete and consistent 
national-scale land use base data (Haack, et al., 2015).  
Other sources of land use are DIVA-GIS (http://www.diva-gis.org/gdata) grid data at a resolution of 
30seconds; RCMRD geoportal; the Sentinel- 2 global land cover; and Malawi Spatial Data Portal 
(MASDAP) by the Malawi Department of Surveys. Malawi has also Atlases: Shire River Basin Atlas 
and Malawi Hazards and Vulnerability Atlas, which are collections of different information including 
land use information. 
Due to lack of complete and consistent land use data, this research has created land use data from 
classification of Landsat images captured before the flood into land cover themes (water, bare soil, sparse 
vegetation, vegetation, roads, sand and built-up). The classification is based on the different spectral 
reflectance and remittance properties of each pixel of a Landsat image (Al-doski, et al., 2013). 
Soil data 
Soil data are useful in a hydrological model for computation of runoff (Asante, et al., 2008; Baumbach, 
et al., 2015). The main source of soil data in Malawi is the Food and Agriculture Organization of United 
Nation (FAO) at a scale of 1: 1 000 000 maps (Dijkshoom, et al., 2016). The FAO data can be accessed 
from a SOTER database through ISRIC World Soil Information that started from 1986 to 2016. 
MASDAP has also soil data sets that are downloadable. Another source of soil data is the global Soil 
Survey Geographic Database (SSURGO) that was developed by National Cooperative Soil Survey.  
River channels 
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The river channel data represent the location and distribution of river channels and they are used to 
delineate watersheds. The main provider of river channels in Malawi is the Malawi Department of Survey 
at a scale of 1:50 000. Otherwise, the river channels can also be digitized from DEMs or satellite images.  
Rainfall data 
Rainfall data are an important input of a hydrological system (Dooge, 1973). The different sources of 
rainfall data include ground-based rain gauges, ground-based radar, Satellite-Based Rainfall Estimates 
(SBRE). Examples of Satellite-Based Rainfall Estimates are TRMM TMPA, CMORPH, NRLgeo, the 
Passive Microwave-calibrated Infrared algorithm (PMIR), and CHIRPS (Sinclair and Pegram, 2013), as 
shown in appendix 7.1. The sources of data for this research are rain gauge and satellite-based. Rainfall 
can be measured using ground observation and/or satellite. The Malawi Meteorological Department 
provides ground observations using rain gauge instrument to measure average daily rainfall data. 
Disdrometers and Radar (Sun, et al., 2017) are not yet adopted in Malawi. The primary source of weather 
and climate information for Malawi is the National Meteorological and Hydrological Agency in the 
Department of the Climate Change and Meteorological Services within the Ministry of Environment and 
Climate Change Management (Vincent, et al., 2014). The department provides weather and climate 
services to all sectors in the country, namely aviation, insurance, marine, environment, agriculture, 
fishing, water resources, flood disaster, road and railway transport, energy, sports and recreation, building 
and construction industry, health, retail, disaster preparedness including flood forecasts, legal, banking, 
and to the general public.  
The meteorological data collected by the Malawi Meteorological Services dates to 1890s when 
Malawi firstly became a British Protectorate (DCCMS, 2006). Back then the data were collected by 
administrators at the district level, farmers, missionaries, and other interested individuals. The records 
were measured by various people and once or twice a day at varying hours every day (DCCMS, 2006).  
The changing of observers, inconsistency in hours of observation and the minimal number of 
observations per day led into gaps and inconsistency in the records (DCCMS, 2006). 
Historical data  
Historical records for floods provide information of past flood events (Prosdocimi, et al., 2016). The 
historical records are useful for validation and calibration of flood modeling (Els 2011).  The sources of 
historical records may include annals, chronicles, memory books, memoirs, weather diaries, letters, 
special prints, official economic and administrative records, newspapers and journals, sources of a 
  
NATALIA DAMBE 46 
 
religious nature, chronogramme, early scientific papers, compilations and communications, 
stallikeepers’ and market songs, pictorial documentation, and epigraphic sources. In Malawi the most 
reliable sources of historical records are official economic and administrative records such as natural 
hazard assessment reports; newspaper articles about floods for previous  years; gauge station records; 
aerial and satellite photos; camera videos and pictures; phone messages; flood marks; and dated flood 
maps. 
Water level and discharge data   
The water level and discharge can be measured using traditional ground –based (Terrestrial) 
monitoring or space-borne remote sensing (Fekete & Vörösmarty, 2007). The Surface Water Division 
under the Department of Water Resources within the Ministry of Agriculture and Irrigation, Water 
Resources Monitoring (MoAIWD) is responsible for hydrological observations of water level and 
discharge. According to MoAIWD (2014) in their final report of Project for National Water Resources 
Master Plan in the Republic of Malawi, there were 300 hydrological stations in the country. These 
hydrological stations include river gauging stations that use daily chart automatic recorders to record 
water level and discharge (MoAIWD, 2014). 173 of the stations were developed in 1988 (MoAIWD, 
2014). In 2011, it was recorded by MoAIWD that 139 stations were operational, and 169 stations were 
closed. 164 stations of 169 belong to MoAIWD, and the remaining four stations are owned by a water 
supply utility organization in Malawi called Water Board (MoAIWD, 2014). The Shire River Basin, 
where the case study of this research is located has forty eight stations whereby twenty five are 
operational and twenty three are closed (MoAIWD, 2014)  as presented in see Table 3-2. 
Table 3-2: Summary of physical conditions of hydrological stations in Shire River Basin (Source: MoAIWD, 2014) 
 Open Closed Total open & 
closed Good Average Poor N.A Total 
open 
Number of hydrological stations 17 6 1 1 25 23 48 
The Surface Water Division under MoAIWD initially stored water level and discharge data in the 
hydrometric database of HYDATA software (Ministry of Agriculture, Irrigation and Water 
Development, 2015). Currently, the data are moved from HYDATA to HYDSTRA to fulfil the SADC-
HYCOS initiative (Ministry of Agriculture, Irrigation and Water Development, 2015).   
The space-borne remote sensing observations also provide river discharge data. Dartmouth Flood 
Observation (http://floodobservatory.colorado.edu/DischargeAccess.html) is a satellite platform that 
provides discharge and runoff data for daily, weekly, and monthly measurements for different parts of 
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the world. The measurements are verified by local gauge stations.  The data can be downloaded in an 
excel format.  Other global platforms that provide river discharge data that cover the case study area is 
Global River Discharge Database - GRDC       
(https://www.bafg.de/GRDC/EN/02_srvcs/21_tmsrs/riverdischarge_node.html) which operates under 
World Meteorological Organization. GRDC contains terrestrially observed data of river discharge for all 
stations in Africa from 1869 to 2017.   
Satellite images 
i) Google Earth images and base maps 
Google Earth images were accessed online using Google Earth Pro software which is installed on the 
computer hard drive. Like Google Earth images are Base Maps that one can input in ArcGIS provided 
there is internet access. Both the Google Earth images and Base Maps are used as a reference for 
digitizing the channel and floodplain parameters because of high resolution which makes it easy to 
identify features that need to be digitized as compared to Landsat or Sentinel images, see Figure 3-2 
below. 
The Base Maps were well geo-referenced to Geographical Coordinate Systems. However, the spatial 
geo- referencing of Google Earth may not be good because of the tilting of the image, hence the 
requirement to validate the data digitized in the study area. 
    
Figure 3-2: Gooogle Earth Image (Left), Landsat Image (right) 
j) 30m resolution Landsat image 
The Landsat 8 images can be downloaded from USGS website for land classification, extraction of 
water bodies. The Landsat 8 image has eleven bands. This research only requireed band 1 to band 6 
(Blue, Green, Red, Near Infrared (NIR), and Shortwave Infrared (SWIR) 1). The bands are prepared by 
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stacking, which involves combining the bands into a single multispectral image. Since 6 multispectral 
images are covering the study site, the images are mosaicked (combined) to create one single seamless 
image. The mosaicking uses histogram matching color correction and set in overlapping areas of the 
images using “Feather” function, and resamples the image using the bilinear interpolation method. After 
mosaicking, a subset of the study area is clipped so that areas that are not necessary are removed and also 
to reduce the size of the image in order to increase the processing speed of the machine learning.   
3.2.3 Data challenges faced due to case study site location 
Based on the review done by the Department of Disaster Management in Malawi, provision of flood 
warning and monitoring system is based extensively on the basic flood routing procedure of predicting 
downstream water levels from observation of water levels upstream of the gauging stations. The system 
does not determine the exact extent of inundation and the expected time when flood surges would reach 
downstream areas. Unavailability of accurate or reliable monitoring and warning services increases the 
probability of the vulnerable communities to have lower response capacity. 
There are limitations  in accessing data of sufficient quality and time period. The limitations are caused 
by technical challenges in capturing, storing and transfer of data, limited data in real time, difficulties in 
retrieving, controlling quality, formatting, archiving and redistributing the data collected (Emerton, et 
al., 2016).  Nevertheless, there have been new data possibilities and open data policies that have been 
utilized in this  research to acquire data for modeling, though it may not be ideal (Emerton, et al., 2016). 
For example, freely available data access for educational and research purposes provided by  some 
government and other organizations; online satellite and earth observation data platforms that provide 
options of downloading data for free. 
The other challenge is that the Department of Meteorology lacks operational weather stations. Since 
the 1930s and 1940 the department had 102 weather stations, however, approaching mid the 1940 only 
half of the existing stations were operational. Worse still, those stations that are operational only recorded 
rainfall data.  According to the Inception Report on modernizing hydrological and meteorological 
monitoring systems in the Shire River Basin (2015), there have been declines in all monitoring networks, 
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Table 3-3: Current situation of hydrological and meteorological monitoring in Shire River Basin, Malawi Source: Ministry 




All monitoring networks are in a significant state of decline. The sites are generally in despair because 
of vandalism, lack of maintenance, flooding, incomplete construction and commissioning, and long-
term degradation.  
Regular monitoring appears largely to have ceased for the water quality and groundwater monitoring. 
Less than 10% of the meteorological stations in the Shire Basin area are operating as required and there 
are no more than two gauging stations which data are reliably received.  
Equipment for many sites missing or not functioning. Many of the gauge boards are missing or 
damaged. A significant number of the meteorological monitoring stations are not working and some of 
the loggers and equipment are no longer manufactured or supported by the original suppliers.  
There are significant shortages of instruments, equipment, consumables and reagents at the water 
quality monitoring laboratories. A number of groundwater monitoring sites have been vandalized and 
are missing equipment. 




None of the surface water automatic telemetry stations have been functioning recently, with problems 
due to damaged, obsolete and failing equipment. 
The methods for manual communication of gauge readings have also broken down, with very few gauge 
readers operating in the post. Where readings are being taken, the time for data sheets to reach the 
headquarters for input to the archive can be several months. 
37 of the 40 Automatic Weather Stations (AWSs) have loggers which are no longer supported by the 
original supplier (a new company has taken over support of these systems). The communication systems 
for these are only semi-automatic, requiring human intervention and only occurs once a day. The other 
7 Automatic Weather Stations are working well. 
There are 31 automatic rainfall loggers, but data are no longer received from them due to lack of funding 
for the ongoing data collection 
3.2.4 Conclusion 
“Data contains pieces of the truth, but rather in unrefined state” (Leedy & Ormrod, 2011: 90). Data 
and methodology are dependent of each other. To attain the meaning of data, research methodology 
needs to be employed. However, the nature, accuracy and amount of data available determines the 
methodology to be used. The case study area is faced with many data challenges because of 
malfunctioning systems such as non-operational meteorological stations in the Shire Basin area, poor 
data storage, only two gauging stations to provide reliable data, and no access to high resolution images 
by developing countries including Malawi because they are expensive. Despite the data challenges 
discussed, alternative data sources have been identified by evaluating the data requirements. The analysis 
of the data requirements has formed a foundation for establishing the appropriate methodology to carry 
out flood modeling for flood risk management.  
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4 Methodology 
  Introduction 
The methodology chapter outlines the design, technical and analytical methods of flood models that 
integrates with GIS and remote sensing to achieve the overall objective of this research. The overall 
objective of this research as discussed in section 1.3 is to analyze the riverine flood by integrating remote 
sensing, GIS, and hydraulic and/or hydrological modeling to develop informed flood mapping for flood 
risk management for Chikwawa District in Malawi. Thus, the methodology is structured in three main 
sections of analytical flood models is carried out in this research to: 
1. Develop and analyze the hydrological model that integrates based on the DEM using HEC 
HMS and in ArcGIS to calculate channel flow/discharge due to the rainfall events during the 
simulation period. 
2. Develop and simulate the hydraulic model in GIS and HEC RAS to calculate the depth and 
extent of flooded water 
3. Analyze the risk of flood on different land uses based on flood inundation maps. 
4.1.1 System design of a flood modeling and analysis system 
This research has designed a flood modeling system to:  
a) Provide a framework for flood modeling processes and improve the analysis of flood modeling 
processes 
b) Contribute to decision making for sustainable flood modeling system by ensuring efficient flow 
of data from one process to the other. 
Figure 4-1 consists of data providers and/or departments, input and output data. The data are either 
external (sourced outside the system) or internal (created within the system) as shown.  
The internal data are created by processes within the system and are used as input data for other 
processes. The context diagram in  Figure 4-1 provides the general view of the system showing the 
terminators (data providers or users) and the data inputs and outputs of the system. The direction of the 
arrow in Figure 4-1 shows the flow of data into and out of the system. Only the community level 
management and the public sector (government) are the users that obtain the flood maps and hydrographs 
output data from the system.  
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Figure 4-1: The context diagram 
The flow of data and the processes within the system are demonstrated in the flow diagram shown in 
Figure 4-2. Flood risk management and flood protection framework outside the orange circle are 
conceptual. These conceptual processes are implemented outside the context of this project and ensure 
that the outputs of the flood models are materialized into well informed decisions. 
Figure 4-1 consists of data providers and/or departments, input and output data. The data are either 
external (sourced outside the system) or internal (created within the system) as shown. The internal data 
are created by processes within the system and are used as input data for other processes. The context 
diagram in  Figure 4-1 provides the general view of the system showing the terminators (data providers 
or users) and the data inputs and outputs of the system. 
The direction of the arrow in Figure 4-1 shows the flow of data into and out of the system. Only the 
community level management and the public sector (government) are the users that obtain the flood maps 
and hydrographs output data from the system.  
The flow of data and the processes within the system are demonstrated in the flow diagram shown in 
Figure 4-2. Flood risk management and flood protection framework outside the orange circle are 
conceptual. These conceptual processes are implemented outside the context of this project and ensure 
that the outputs of the flood models are materialized into well informed decisions. 
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Figure 4-2: Data Flow Diagram 
4.1.2 Flood models selection criteria 
This research has mostly considered project-dependent criteria. Therefore, the three-fundamental 
project-depended criteria as per Cundelik (2003) are as follows: 
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a) Necessary outputs of the research. The question that is asked to estimate the criteria is: Does the 
model predict the parameters required by the research dissertation such as the flood extent, depth 
and velocity of flooded water? 
b) Hydrological processes that are required to be modeled to compute the anticipated outputs 
appropriately. The question that is posed is: Is the model capable of simulating single-event or 
continuous processes, routing or catchment or combined routing-catchments? 
c) Availability of input data. The question asked is: can all the inputs required by the model be 
provided within time and cost constraints of this research? 
d) Price or investment of the hydrologic modeling. What are the costs of running the model? 
This research study aims at modeling riverine floods of Shire River in Chikwawa District, Malawi by 
integrating GIS and Remote Sensing to develop informed flood mapping for flood risk management. The 
desired outputs to fulfil the aim of this research are as follows: 
a) Simulated flood water extent surrounding the river and flood plain. 
b) Simulated depth of the water during the flood 
c) Simulated velocity of water during the flood event 
The key hydrological processes that need to be measured in the structure of the hydrological model to 
obtained desired output are: 
a) Single-event rainfall-runoff transformation dependent on the spatial and temporal rainfall 
distribution, and catchment physiographic properties. 
b) Land use and soil distribution.  
c) The runoff volume, the overland flow, the interflow, and the channel flow.  
Due to limited resources, the research was mostly restricted to the use of free software and data.  The 
use of freely available resources means that there is limited technical support to use the selected software, 
and some input data. 
Considering the criteria mentioned above, the selection of the software was conducted by reviewing 
the existing hydrological model software that other researchers have used or reviewed. Cunderlik (2003) 
reviewed 40 existing hydrological models according to the aforementioned four fundamental criteria and 
carried a thorough review of eighteen models which were grouped into lumped, semi-distriuted, and 
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distributed models. Cunderlik evaluation results showed that among the lumped models IHACRES 
model scored the highest score of 20 points.  
Among the semi-distributed models HEC-HMS and HFAM  scored equal highest score point of 25; 
and for distributed model HYDROTEL and WATFLOOD. When these five top scored models were 
compared HEC-HMS suited better the requirements.  
The lumped model requires set-up and calibration of another model, thus requires more time 
(Cunderlik, 2003) however due to time constraints to carry out this research they could not be adopted.  
On the other hand, the distributed models are costly (Cunderlik, 2003) and due to limited funding for the 
research they could not also be adopted. The semi-distributed models are a good trade off , however most 
of them do not have enough technical documentation which limits referencing and how to operate the 
software (Cunderlik, 2003). Therefore, this research has adopted HEC-HMS and HEC RAS models by 
the US Army Corps to simulate the floods. The software are public domain and have been used by other 
researchers.  
HEC –HMS   
HEC –HMS  was selected for the following reasons, it is: 
a) A free software,  
b) The input data format is the same as esri data format (shapefiles and raster),  
c) Readily available technical documentation, that makes it easy to operate,  
d) Simulate both single-event  and continuous models, 
e) The temporal and spatial scale are flexible,  
f) Process interception and infiltration,  
g) On the scale of short, medium and long, set up time, ease of use, and expertise requirements are 
medium,  
h) The Operating system includes Windows and Linux, there is enough technical support.  
HEC-RAS 
This study adopted HEC-RAS models to determine the depth and extent of the riverine flood for the 
following reasons (Abushandi & Merkel, 2013; Chu & Steinman, 2009): 
a) Availability of open-source software to run the model  
  
NATALIA DAMBE 55 
 
b) The standardized input data format, same as the Environmental Systems Research Systems Inc. 
(ESRI) data format (shapefiles and raster grid),  
c) Readily available technical documentation, that makes it easy to operate,  
d) The temporal and spatial scales are flexible,  
e) On the scale of short, medium and long, set up time, ease of use, and expertise, the requirements 
are medium,  
f) The Operating System includes Windows and Linux, thus there is enough technical support. 
g) Applicable in large river basin, flood hydrology and small urban or agricultural watershed runoff. 
h) Applicable in humid, tropical, subtropical, and arid catchments. 
 Develop and analyze the hydrological model 
As demonstrated in section 2.4.3, there are different hydrologic software that integrate GIS and 
hydrological modeling. Similarly, there are various criteria for choosing the appropriate software 
(Cunderlik, 2003). The criteria are either user- dependent or project-dependent (Cunderlik, 2003). The 
user-dependent criteria consider user preference while project dependent considers the project 
requirements and purpose. 
4.2.1 Data and software 
Computer requirement  
The following computer software are installed and used: 
a) ArcGIS 10.5 for visualization, analysis and interface 
b) HEC-GeoHMS extension installed in ArcGIS 10.5 for delineation of basin characteristics to 
create a model  
c) ArcHydro tool installed in ArcGIS 10.5 for delineation of basin characteristics 
d) HEC-HMS model software to simulate the model 
Data 
The following datasets are used as inputs for the model: 
a) DEM 
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The SRTM DEM in Figure 4-3 covering the catchment of the Shire river catchment in Chikwawa was 
downloaded in raster format from USGS data portal (U.S. Geological Survey, 2019). The DEM was 
acquired on 11 February 2000 at a resolution of 1-arc and was published on 23 September 2014. This the 
latest DEM available online by US Geological Survey. The DEM was used as a main data input to 
delineate the subbasins and drainage lines, analysis of the area hydrology and compute slope and 
elevation. 
 
Figure 4-3: SRTM DEM downloaded on US Geological Survey data portal 
b) Soil type data (polygon shapefile) 
The soil data show in Figure 4-9 was sourced from National Spatial Data Center at Malawi 
Department of Surveys through the online data portal called MASDAP (National Spatial Data Center, 
2019). The soil type is grouped as A, B, C, D. Table 4-1 illustrates the soil codes in relation to Chikwawa 
soil types and their infiltration rates. The infiltration rates were provided as attribute data of the soil data. 
The soil data was digitized from Topographical Map with scale of 1: 150 000. The soil data was used 
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Table 4-1: soil codes in relation to soil types and loss  rates (source: (Fleming & Doan, 2013) 
Soil Code or 
Group 
Soil Type Infiltration rate Range of loss rate (mm/hr) 
A Sand, Loamy sand, Sandy Loam Low runoff potential and high 
infiltration rates 
7.6 – 11.4 
B Silt loam or loam Moderate infiltration rate when 
wetted 
3.8 - 7.6  
C Sandy clay loam Low infiltration rate when 
thorough wetted 
1.3 - 3.8 
D Clay loam, Silty clay loam, 
Sandy clay, Silty clay, Clay 
Highest runoff potential and low 
infiltration when wetted 
thoroughly 
0.0 - 1.3 
c) Land use data (polygon shapefile) 
The land use in Figure 4-9 has four classes namely: water, vegetation, built-up, bare land and each 
land use class is assigned land use value (LUVALUE as indicated in Table 4-6), 1, 2, 3, and 4 
respectively.  The land use data was created Maximum Likelihood Classifier (MLC) method of 
classification in Envi Software. Training sites were digitized using the mosaicked Landsat image as 
reference to specify the distinguished classes. The land cover themes included: 
i. The agricultural land: included herbaceous and vegetation planted or cultivated thus presented 
 as tillage, harvest and irrigation 
ii. Built-up area: included artificial construction including buildings and roads 
iii. Dense vegetation: high, closed, continuous, multi-layered and broad leaves tree and shrubs.  
iv. Waterbodies: water covered surfaces like rivers, dams, reservoirs. 
v. Bare areas: surfaces not covered by any artificial or natural features, examples are bare rock 
 areas and soil. Barren and sparsely vegetations were categorized in this theme 
The classification results of each classifier were assessed for accuracy using confusion matrix by 
determining overall accuracy and kappa- coefficient. 
Overall accuracy in Figure 4-4 was calculated by adding the number of correctly classified values and 
dividing the total number of values. For instance, the overall accuracy of MLC was calculated as below, 
the corrected classified values were obtained from Figure 4-4, where the values used are highlighted in 
Orange:  
𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑙𝑦 𝑐𝑙𝑎𝑠𝑠𝑖𝑓𝑖𝑒𝑑 𝑣𝑎𝑙𝑢𝑒𝑠 = 676 + 685 + 3805 + 50363 + 31071 + 3954 
= 92 989 
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𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑣𝑎𝑙𝑢𝑒𝑠 = 680 + 733 + 53021 + 31684 + 2437 + 3956 




 = 0.96 
𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝑎𝑐𝑐𝑢𝑟𝑎𝑐𝑦 % = 0.961793 ∗ 100% = 96.18% 
 
Figure 4-4: Snap shot of accuracy assessment report of MLC 
Kappa coefficient,𝑘 measures the agreement between classification and truth values. A kappa value 










         Eq 1 
Where: N is the total number of classified values compared to truth values, 𝑖 is the class number 
𝑚𝑖,𝑖 is the number of values belonging to the truth class 𝑖 that have also been classified as class 𝑖, 𝐺𝑖 
is the total number of truth values belonging to class 𝑖, 𝐶𝑖 the total number of predicted values belonging 
to class 𝑖 
Apart from creation of CN, land use data was used in development of hydraulic model to compute 
Manning n values, and flood risk assessment. 
d) Channel data  
Like soil data the river network in vector format was obtained from Malawi Department Surveys and 
was also digitized from 1:50 000 Topographical Map. The channel data was used to delineate basin 
characteristics as input data for computing hydrologically correct DEM called ‘Hydro DEM’. 
e) Gage rainfall data  
The rainfall data observed at met stations within the catchment of interest was acquired in Excel 
format from Malawi Meteorological Services. The data was measured in millimeters (mm) dated from 
year 1946 to 2016 recorded as average daily rainfall observation of different met station. The met station 
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that was used for this study were Chikwawa and Nchalo met stations as it is within the study catchment, 
see data table in appendix 7.2. 
f) River Discharge data   
The Surface Water Division under the Department of Water Resources within the Ministry of 
Agriculture and Irrigation, Water Resources Monitoring (MoAIWD) in Malawi is responsible for 
hydrological observations of water level and discharge. This study could not access MoAIWD data 
because of lack of data due to inadequate up-to-date observation (MoAIWD, 2018). Alternatively, it used 
satellite river discharge data as observed flows for validation and calibration of both HEC HMS and HEC 
RAS models. The satellite obtained using Advanced Microwave Scanning Radiometer- Earth Observing 
System (AMSR-E) by Dartmouth Flood Observation-DFO and the Global Flood Detection System- 
GFDS (De Groeve, et al., 2015). Each river discharge is an average of the mean annual flows for 5 
consecutive years of the record at a time. The satellite gauging site in the study area were represented as 
yellow pins in Figure 4-5. The annual maximum discharge for 2015 was 14 590 m3/sec at 253 GFDS site 
(refer to Figure 4-5 below) and 10 645.58 m3/sec at 56 GFDS site. 56 GFDS site was close to the subbasin 
outlet. 
 
Figure 4-5: Satellite river discharge for Shire Gage Station in Chikwawa 
All the data used above were projected to the Universal Transverse Mercator coordinate system based 
on the datum Arc 1950 and Geographic Coordinate System (GCS) as provided in Table 4-2 below. 
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Table 4-2: The projection system for all the data 
Projection Details 
Projected coordinate system Arc1950 Universal Transverse 
Mercator (UTM) Zone 36 South 
Projection Transverse Mercator 
False Easting 500000 
False Northing 10000000 
Central Meridian  33 
Scale Factor 0.9996 
Latitude of Origin 0 
Linear Unit Meter 
Geographic Coordinate System GCS Arc 1950 
Datum Arc 1950 
Prime Meridian Greenwich 
Angular Unit Degree 
4.2.2 Development of HEC HMS model in ArcGIS 
The development of HEC HMS required delineation of basin/watershed characteristics and stream 
that were inputs of the model simulation. Figure 4-6 summaries the model development process. 
 
Figure 4-6: Processes and data for computing hydrological model (Source: Sabatini, 2014: 9) 
The initial steps to delineate the watershed and stream network involve generation of various raster 
grids from the raw DEM. The following grids were generated using ArcHydro tool extension in ArcGIS 
tool their sequence: 
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a) Hydro DEM (see Figure 4-7a): is a reconditioned DEM created by filling the sinks of the 
DEMs to modify the elevation of the reconditioned DEM that could limit water flow,  
b) Flow direction (see Figure 4-7b): represents DEMs’ flow direction based on eight-point pour 
model 
c) Flow accumulation (see Figure 4-7c):  to generate the number of upstream cells draining to a 
given cell.  
d) Stream grid (see Figure 4-7d): represents grid cell with stream and no streams. The stream 
cells have a value of "1" for grid values greater than the threshold.   
e) Stream link grid (see Figure 4-7e):  the streams are segmented and assigned a unique 
identification, either as head segment or two segment junctions. All the cells in a segment 
contained the same grid code that was particular to that segment 
f) A catchment grid (see Figure 4-7f): is delineated from grid code value corresponding to the 
stream segment value to which each cell of the catchment belongs. During this process 
Drainage Line, Adjoint Catchment, and Drainage Point grids are converted from raster grid 
format to vector format. The vector layers form part of the basin network.  
g) Slope grid: is computed as a hydrologic skeleton to delineate watersheds or sub-watersheds 
for any given point on delineated stream network.  
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Figure 4-7: Delineated grids (a)-(f) 
The simulation of a hydrological model requires the understanding of physical characteristics like the 
actual system by estimating the hydrologic parameters (Dooge, 1975). Generally, the physical 
characteristics that were extracted are listed in Table 4-3 below.  
Table 4-3: The extracted physical or topographic characteristics of the subbasin and streams (Source: Fleming & Doan, 
2013: chapter 9) 
Data layer Physical Characteristics (in meters) 
Channel layer (Table 4-4) Length; upstream elevation; downstream elevation; slope 
Subbasin layer (Table 4-5) Area; subbasin average slope 
Centroid layer Centroid location; centroid elevation 
Longest flowpath layer  Location of the longest flowpath; longest flow length; upstream elevation; 
downstream elevation; slope between endpoints; length to project outlet; 
elevation at 10% of longest flowpath (from the outlet); elevation at 85% of 
longest flowpath (from the outlet); slope along the longest flowpath based on 
point 10% and 85%.  
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The computed river characteristics are listed in Table 4-4, and that of the subbasins in Table 4-5.  
Based on the river extent, the delineated basin consisted of  9 junctions, 19 subbasins, 19 river reaches, 
1 source, 1 outlet and 1 sink (Figure 4-8). Out of the 19 river reaches, 9 reaches (R30, R50, R70, R90, 
R110, R130, R150, R170, R190 as highlighted in Table 4-4) formed part of the Shire river. The other 10 
reaches were tributaries connected to the Shire river.  





River length (m) Slope 
(Percentage Rise) 
R10 158 92 5982.9 0.011031 
R20 230 92 5207.4 0.026501 
R30 92 87 1669.4 0.002995 
R40 234 87 13546.6 0.010851 
R50 87 84 3498.5 0.000858 
R60 153 84 6201.4 0.011127 
R70 84 74 22835.1 0.000438 
R80 108 74 10969.3 0.0031 
R90 74 70 9039.7 0.000442 
R100 84 70 8817.5 0.001588 
R110 70 67 6597. 0.000455 
R120 79 67 9091.7 0.00132 
R130 67 64 910.5 0.00033 
R140 64 64 3402.5 0 
R150 64 60 16646.6 0.00024 
R160 72 60 10690.8 0.001122 
R170 60 57 10052.4 0.000298 
R180 64 57 20410.4 0.000343 
R190 57 57 16467.4 0 
The delineated basin in Figure 4-8  has five hydrologic elements (Merwade, 2012) as described below: 
a) Junction  - combines flows from upstream reaches and subbasin.  
b) Sink – represents the outlet of the watershed and has no outflow. 
c) Source –introduces flow into the basin model  from a stream outside the boundary of the modeled 
basin. The source has no inflow.  
d) Subbasin – converts the rainfall to runoff on a watershed.  
e) Reach -  transfers streamflow downstream. 
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Figure 4-8: Elements of the basin model 
4.2.3 The simulation of the model  
HEC-HMS assumes that the land and water is categorized in two surfaces: direct connected 
impervious surface where there is no infiltration and all precipitation becomes runoff; pervious surface, 
where volumes of water infiltrate the soils and become losses. The losses for a specific period are 
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determined using loss model and are subtracted from the MAP depth. The MAP depth represents runoff 
volume and is assumed to be evenly distributed over the watershed. The remaining depth is excess 
precipitation.  
Basically, runoff is computed as follows:  
𝑅𝑢𝑛𝑜𝑓𝑓 𝑣𝑜𝑙𝑢𝑚𝑒 = 𝑃𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛 𝑣𝑜𝑙𝑢𝑚𝑒 − 𝐿𝑜𝑠𝑠𝑒𝑠 𝑣𝑜𝑙𝑢𝑚𝑒                                             Eq 2 
HEC-HMS model is subdivided a number of seven parameters namely: loss, transform, canopy, 
surface, routing, loss/gain and baseflow. The parameters are further subdivided into other parameter. 
This study had simulated four parameters to meet its objectives: loss, transform, routing and baseflow. 
All the subbasin parameters values used in the model are in Table 4-5 and river channel parameters in 
Table 4-8. The computations of the applied parameters and their subdivided parameters; the meteological 
model; model time specification; and model flows and volumes, are explained further below. 
a) Loss 
Various infiltration models are employed for different transformation. The loss models applicable in 
HEC-HMS are initial and constant-rate, SCS Curve Number (CN), initial and constant, Gridded SCS 
CN, Green and Ampt, Deficit and constant rate, Soil moisture accounting (SMA), and Gridded SMA. 
This research has applied initial and constant, because it is a simple, predictable using range of constant 
loss rates (mm/hr) based on subbasin’s soil groups  (Fleming & Doan, 2013). The constant loss rates (in 
Table 4-5 for each subbasin were estimated based the subbasin’s the soil groups and range provided in 
Table 4-1. The other parameter assigned to the subbasin are impervious percent (%) and initial loss (mm), 
as shown in Table 4-5. 
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Table 4-5: Subbasin characteristics and parameters 
 






































W200 973.05 8.03 32.85 D 519.22 0.05 25.96 2.5 1.3 120725.86 110.73 113 0.9 0.35 
W210 865.98 7.32 3.26 A 7546.22 0.05 377.311 2.5 11.4 125198.84 753.87 113 0.9 0.35 
W220 47.23 16.15 43.52 A 329.68 0.05 16.48 2.5 11.4 113784.24 55.20 147 0.9 0.35 
W230 23.47 8.09 64.69 A 138.64 0.05 6.93 2.5 11.4 95797.57 39.58 147 0.9 0.35 
W240 311.39 8.1 39.66 A 386.45 0.05 19.32 2.5 11.4 103259.43 80.04 147 0.9 0.35 
W250 508.13 6.12 34.02 A 492.69 0.05 24.63 2.5 11.4 114341.43 117.29 147 0.9 0.35 
W260 1670.98 12.43 55.22 A 205.94 0.05 10.29 2.5 11.4 98799.26 41.64 147 0.9 0.35 
W270 1275.12 3.44 55.87 A 200.60 0.05 10.03 2.5 11.4 99537.62 78.33 147 0.9 0.35 
W280 530.15 10.17 54.42 D 212.76 0.05 10.63 2.5 1.3 76453.93 38.26 147 0.9 0.35 
W290 569.50 2.85 65.26 D 135.19 0.05 6.75 2.5 1.3 85621.75 60.08 147 0.9 0.35 
W300 216.23 4.08 79.82 D 64.21 0.05 3.2107 2.5 1.3 63314.98 26.19 147 0.9 0.35 
W310 485.77 7.52 72. D 98.77 0.05 4.938 2.5 1.3 62385.01 23.98 147 0.9 0.35 
W320 777.61 2.71 72.83 A 94.77 0.05 4.73 2.5 11.4 75671.49 45.53 147 0.9 0.35 
W330 556.61 2.97 65.7 A 132.59 0.05 6.62 2.5 11.4 67674.84 48.23 147 0.9 0.35 
W340 602.38 2.99 64.28 D 141.12 0.05 7.05 2.5 1.3 47613.99 37.61 147 0.9 0.35 
W350 1321.95 4.97 79.3 D 66.29 0.05 3.31 2.5 1.3 47185.07 19.07 147 0.9 0.35 
W360 943.30 3.06 74.91 C 85.08 0.05 4.25 2.5 3.8 51295.62 29.6 147 0.9 0.35 
W370 352.36 3.01 99. C 2.56 0.05 0.12 2.5 3.8 21332.30 5.65 147 0.9 0.35 
W380 352.53 3.22 99. C 2.56 0.05 0.12 2.5 3.8 20638.82 5.32 147 0.9 0.35 
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Initial loss is expressed as: 
𝐼𝑎 =  𝜆 × 𝑆                                                                                                                                                    Eq 3 
Where:  𝜆 is initial abstraction ratio which ranges from 0.002 to 0.005. Valle Junior (2019) in 
recommended the use of 0.005 instead on 0.002; 𝑆 is the maximum retention (mm) and is solved using 
the equation below:  
𝑆 =  
25400
𝐶𝑁
− 254                                                                                                                                     Eq 4 
The computed S is found in Table 4-5. The CN values for each subbasin in Table 4-5 were derived 
from CN Grid. In this research, the CN Grid is created in ArcGIS by employing these steps:  
i. Merging soil and land use data and creation of CN Lookup table 
Land use, soil map layers, and CNLookUP in Figure 4-9 were merged, followed by creation of the 
CN Look-up table in ArcMap. The table was formed by populating manually the CN number of waters, 
settlements, forest and agriculture with respect to the assigned SoilCode, as shown in the CNLookUP 
Table 4-6. Columns A/B/C/D have curve numbers for corresponding soil groups for each Land Use class 
(LUValue). These numbers are obtained from SCS TR55 (1986).  
Table 4-6: CNLookUP table 
Object ID Description A B C D LUVALUE 
1 Water 100 100 100 100 1 
2 Built-up 57 72 81 86 2 
3 Vegetation 30 58 71 78 3 
4 Bare land or 
Agriculture 
67 77 83 87 4 
ii. Creation of CN grid 
Lastly, the CN grid was created using the raw DEM, merged soil and land use layer, and CNLook-up 
table as presented in Table 4-6. Within HEC-GeoHMS, the merged soil and land use feature classes, and 
the lookup table (CNLookUp) combined to form the curve number grid in Figure 4-9. 
CN for each subbasin with diverse soil types and land use is referred to as composite CN, and was 
computed using the formula below:  
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𝐶𝑁𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 =  
∑ 𝐴𝑖𝐶𝑁𝑖
∑ 𝐴𝑖
                                                                                                         Eq 5 
Where: 𝐶𝑁𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 is the composite CN used for runoff volume computations, 𝑖 is an index of 
watersheds subdivision of uniform land use and soil type, 𝐶𝑁𝑖 is the CN for subdivision 𝑖, 𝐴𝑖 is the 
drainage area of subdivision 𝑖. 
 
Figure 4-9: Merging soil, land use and CN Lookup table to create CN Grid 
b) Transform 
This simulates the movement of precipitation that has not infiltrated (the impervious surface) and not 
stored (pervious surfaces) called excess precipitation and the process is called transformation (Fleming 
& Doan, 2013). Direct-runoff models applied in HEC-HMS are categorized in two: the empirical models 
which are grouped as the traditional unit hydrograph (UH) models such as User- specific unit hydrograph 
(UH), Clark’s UH, Snyder’s UH, and Soil Conservation Services (SCS) Unit Hydrograph (UH); the 
conceptual models which are kinematic-wave models of overland flow such as ModClark, Kinematic 
wave transform. The difference between the two categories is that the empirical models have less details 
of physical mechanics and limited to internal processes that affect the movement of excess precipitation  
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over a catchment, while the conceptual models take into account all physical mechanisms 
influencing the flow of excess precipitation (Fleming & Doan, 2013).    
The study has applied the empirical model, particularly the SCS UH model, because of the 
following reasons: 
• Data available since it only relies on one parameter, rainfall data, “which varies as a function 
of soil type, land use and treatment, surface condition and antecedent moisture condition” 
(Fleming & Doan, 2013), unlike the conceptual model that requires all physical mechanics 
parameters were almost impossible to obtain considering the scope of the research.  
• It is “simple, predictable, and stable method” (Fleming & Doan, 2013).  
• The method is well developed and widely applied globally (Fleming & Doan, 2013). 
Lag time 𝑡𝑃 is a main parameter for SCS UH representing time in minutes from the center of 
mass of excess rainfall to UH peak for each subbasin (Fleming & Doan, 2013). The lag time in Table 
4-5 was calculated as below:  








                               Eq 6 
Where: 𝑦 is average watershed slope (in present-%), 𝐿 is length to divide (m), as given in Table 
4-5. 
c) Routing 
The routing models simulate one-dimensional open channel flow, thus predicting time series of 
downstream flow, stage, velocity, and upstream hydrographs (Fleming & Doan, 2013). The routing 
methods are a Kinematic wave, Lag, Modified Puls, Muskingum, Muskingum- Cunge Standard 
Section, Muskingum- Cunge 8-point Section, Confluence, and Bifurcation. The following 
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Table 4-7: Guidelines for selecting routing model (Source: Feldman, 2000: p. 90) 
If this is true Then consider this model 
No observed hydrography data available for calibration Kinematic wave; Muskingum-Cunge 
Significant backwater will influence discharge 
hydrography 
Modified puls 
Flood wave will go out of bank, into flood plain  Modified puls, Muskingum-Cunge with 8-point cross 
section 




T = hydrograph duration, S0 = Slope, U0 = reference 
mean velocity, d0 = reference flow depth 
Any 
Channel slopes from 0.002 to 0.0004 and 
𝑇𝑆0𝑢0
𝑑𝑜
≥ 171 Modified puls, Muskingum-Cunge, Muskingum 







g = accerelation of gravity 
Muskingum-Cunge 








The Muskingum model was used to estimate two parameters:  𝐾 and 𝑋, which represent storage- 
time constant (Song, et al., 2011). Originally, Muskingum routing model for a river reach was 
derived in the equations without lateral inflow, see below (Song, et al., 2011): 
𝑑𝑊
𝑑𝑡
= 𝐼 − 𝑄                                                                           Eq 7 
𝑊 = 𝐾 [𝑥𝐼 + (1 − 𝑥)𝑄]                      Eq 8 
Where: 𝑊 is the water storage, 𝑡 is time, 𝐼 is the inflow, 𝑄 is the outflow, 𝐾 is the wave time 
travel. The wave time travel 𝐾 in table Table 4-8 was calculated (Song, et al., 2011) by: 
𝐾 =  
𝐿
3600 𝑉𝑐
                  Eq 9 
Where: 𝑉𝑐 is the flood wave celerity which was estimated as 7m/s, 𝐿 is the reach length in table 
Table 4-4. 
𝑥 represents storage- time constant that considers flood peak attenuation and hydrograph shape 
flattening in motion which can be estimated using the kinematic wave equation by Cunge (Song, et 







          Eq 10 
𝐷 is the diffusion coefficient of a diffusion wave 
𝑥 ranges from 0 to 0.5, the standard is 0.2 
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The 𝐾 and 𝑥 Muskingum parameters for river reach R10 to R100 are shown in the Table 4-8 
below. 







R30 4 0.2 
R50 8 0.1 
R70 54 0.1 
R90 22 0.01 
R110 16 0.01 
R130 2 0 
R150 40 0 
R170 38 0 
R190 33.2 0 
d) Baseflow 
The different methods of estimating baseflow in HEC-HMS model are: monthly-varying 
baseflow, exponential recession and linear reservoir.  The exponential recession was used to 
compute to baseflow considering that the parameters involved could be easily estimated, see Table 
4-5 recession parameters for each subbasin.   
Typical values of recession constants proposed by Pilgrim and Cordery in 1992 (Feldman, 2000) 
in Table 4-9, were taken into consideration to come up with values in Table 4-9. 
Table 4-9: Typical recession constants (source: Feldman, 2000) 
Flow component Recession constant, Daily 
Groundwater  0.95 
Interflow  0.8 - 9 
Surface runoff 4.3 - 8 
e) The meteorological model 
The meteorological model specifies a time series of rainfall at a rainfall gage. HEC- HMS has 
seven methods of representing rainfall data, namely: (1) Specified Hyetograph, (2) Frequency storm, 
(3) Gage weights, (4) SCS storm, (5) Gridded precipitation, (6) HMR 52 storm, (7) Inverse distance, 
and (8) standard project storm. Grid precipitation was identified as the appropriate method for this 
research because the rainfall estimation was spatially distributed without bias unlike Gage rainfall 
where the rainfall observation represents only the location of the Gage Station.  The rainfall 
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distribution of the other areas was estimated from the closest Gage Station despite the possibility 
that areas within the same catchment may experience the different rainfall at a given time. 
The average daily rainfall data were entered manually into the Time-Series table from 01 Jan 
2012 to 01 April 2015. Sample daily rainfall data are given in Appendix 7.2 for Nchalo and 
Chikwawa Met stations (see locations of Met stations in Figure 3-1).  
f) The control specifications 
The control specifications were defined to specify time limit of the simulation. The time limit 
include simulation started on 01 Jan 2012 at 00:00 hrs and ended on 01 April 2015 at 00:00 hrs. The 
flood event focused in this research was from 01 Jan 2015 to 31 Mar 2015. However, the simulation 
was run two years before the flood event to understand the discharge trend. The time interval for the 
rainfall data was 1 day and the units were incremental millimeters. The simulation interval was set 
as 5 minutes (lower than 0.29 ×Muskingum K) to ensure stability in the routing model. 
g) Computation of discharge volume and flow 
When all the parameters were set, the models computed the discharge volumes and flow of water 
which were presented as hydrographs or just time series data in tables. The hydrograph can be 
illustrated as a simple triangle with rainfall duration 𝐷, time of rise 𝑇𝑅 (hr), time of fall 𝐵, and 
𝑄𝑃 in cubic meter per second − cms as shown in Figure 4-10 (Indian Institute of Technology , 
2006). 
The volume of direct runoff is expressed as below (Indian Institute of Technology , 2006):  
𝑉𝑜𝑙 =  
𝑄𝑃𝑇𝑅+𝑄𝑃𝐵 
2
                               Eq 11 
𝐵 is given by: 
𝐵 = 1.67𝑇𝑅                                    Eq 12 
















By making 𝑄𝑃 the subject of the formula, 𝑄𝑃 peak flow is calculated (Indian Institute of                          
Technology , 2006; Fleming & Doan, 2013):  






        Eq 13 




2.08 𝐴  
𝑇𝑅
                  Eq 14 
Where: 2.08 is conversion constant, 𝐴 is area of basin (sq m) 
4.2.4 Model validation and calibration  
The calibrated model was validated by assessing the performance of the model against the observed 
flows (Ouédraogo , et al., 2018). Thus, various calculations were applied to confirm the goodness 
of fit between the simulated and observed flows, and to measure the predictive power of the HEC 
HMS model (Romali et. al., 2018). 
Validation 
The validation was done to assess the accuracy of the results to match or closely match the 
observed flows at 56 GFDS site. The computed results were accepted based on the goodness of fit 
by calculating whether the computed values were satisfactory or not (Feldman, 2000). According to 
Feldman (2000) different methods to measure the goodness of fit include: sum of the absolute errors, 
sum of squared residuals, percent error in peak, peak-weighted root mean square error, and other 





Figure 4-10: Simple triangle representing unit hydrograph (UH) Source: 
Indian Institute of Technology (2006:7) 
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expressed as Root Mean Square Error (RMSE) to Standard Deviation Ratio (RSR), percent volume 
bias( PEV) percentage error in peak flow, which were  ranked using general performance ratings for 
recommended statistics to accept the parameters or not (Ouédraogo , et al., 2018) : 






Very good < 15 0.75 to unity <+/-10 
Good 15 to 30 0.65 to 0.75 +/-10 to +/-15 
Satisfactory 30 to 40 0.50 to 0.65 +/-15 to +/-25 
Unsatisfactory > 40 <0.50 >+/-25 
“RSR ranges from 0 (optimal value) to 0.5 (very good performance)” (Ouédraogo , et al., 2018). 
a) Root Mean Square Error (RMSE) to Standard Deviation Ratio (RSR) was computed using 









                                                                                                                       Eq 15 
Where 𝑂𝑖  is the observed flow, 𝑆𝑖is the modeled flow, t is time, 𝑂 is observed mean flow  
b) The percent bias (PEV) was expressed as (Ouédraogo , et al., 2018):  
𝑃𝐸𝑉 =  |
𝑉𝑜𝑙𝑜−𝑉𝑜𝑙𝑠
𝑉𝑜𝑙𝑜
 | × 100                                                                                                                  Eq 16 
Where 𝑉𝑜𝑙𝑜, 𝑉𝑜𝑙𝑠 are the observed and simulated volumes, respectively. Such that: 
c) The percentage error in peak flow (PEPF), was solved using the equation (Ouédraogo , et 
al., 2018) below: 
𝑃𝐸𝑃𝐹 =  |
𝑄𝑜(𝑝𝑒𝑎𝑘)−𝑄𝑠(𝑝𝑒𝑎𝑘)
𝑄𝑜(𝑝𝑒𝑎𝑘)
 | × 100                                                                                                Eq 17 
Where 𝑄𝑜(𝑝𝑒𝑎𝑘), 𝑄𝑠(𝑝𝑒𝑎𝑘) are the observed and simulated flows respectively, such that: 
d) The NSE was calculated by using the equation below:  
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𝑁𝑆𝐸 =  
∑ (𝑂𝑖 







                                                                                                       Eq 18 
NSE is one of the well-known assessment methods for model efficiency in hydrological studies. 
The sufficient quality of NSE is suggested to be between more than 0.5 and less than 0.65 
(Ouédraogo , et al., 2018). The calculated NSE is ranked based on Table 4-10 
Uncertainty analysis and evaluation of simulated results  
The uncertainty analysis and evaluation of simulated results is carried out in HEC-HMS model 
software to assess the errors in the model calculations given the sample size of 91. The study 
evaluated the uncertainty of the seven parameters by simulating them individually namely, initial 
constant-constant Rate; initial and constant - initial loss; initial loss percent impervious, recession - 
initial discharge; recession - ratio to peak; recession constant; and SCS unit hydrograph - lag time. 
The uncertainty variables for on each model parameter included the minimum and maximum values 
in Table 4-9, the lower, upper and mode parameter values as given in the model. The uncertainty 
simulations were carried out within the same time period of the hydrological model and applied on 
subbasin W380 as main subbasin, W350 and W370 as additional subbasins linked to subbasin 
W380.  
The uncertainty analyses used simple distribution methods. The triangular distribution was 
specifically applied to link the uncertainty error between W380, W370 and W350. Accordingly, 
W370 and W350 were sampled using linear regression with additive error method which measures 
the amount of error that both subbasins contributed to W380 and outlet point. A simple linear 
regression was defined for the two additional subbasins with slope (2.7), intercept (0), sigma 
(.000656168) and Mu (0) to obtain error uncertainty in normally distribution.  
Calibration of HEC HMS model   
The calibration was carried out. During calibration the maximum and minimum constraints of 
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Table 4-11: Calibration parameter constraints (source: Feldman, 2000) 
Model  Parameter  Minimum Maximum 
Initial and constant rate 
loss 
Initial loss 

















Lag routing Lag 0 min 30000 min 






The calibrations were done in two phases, first the automated optimization simulation, and second 
by try and error value adjustment. The four models illustrated in Table 4-9 were applied, and the 
calibration was implemented by adjusting some of the model parameters till the optimized values 
were obtained. The adjustment of the parameters was constrained to the minimum and maximum 
values provided in Table 4-9 above. Three optimization simulation (for W350, W370, and W380) 
were run independently and each one was iterated 100 times.  The optimized values are shown in 
Table 5-2. The optimized model was also validated to be accepted or not. 
 Develop and simulate the hydraulic model  
The main application of hydraulics is to define the behavior of flowing water within a “controlled 
environment” such as a river (Al-Abed, et al., 2005). Like Cabral, et al. (2015), Gharbi, et al. (2016), 
Snead (2000), and Al-Abed, et al. (2005), this research adopts Hydrologic Engineering Center’s 
River Analysis System (HEC-RAS) to compute the water surface profiles and to estimate the heights 
and flows. The simulation input parameters of hydraulic model are primarily river length, lag time, 
time of concentration and average slope; drainage network, river cross-sections and over banks 
(Cabral, et al., 2015). 
4.3.1 Data and Software 
Software 
HEC-HMS software, and ArcGIS 10.5 by ESRI were used to carry out the research. The HEC 
software processed and simulated the flood model. ArcGIS 10.5 processed, analyzed and visualized 
maps. The following HEC-HMS software were used:  
a) The Geospatial River Analysis System (HEC-GeoRAS), installed as an extension in ArcGIS 
 to create geometric data for hydraulic model. 
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b) HEC-RAS, a standalone software to simulate the hydraulic model and visualize flood model 
 outputs. 
Data  
a) Digital Terrain Model (DEM) 
DEM is a three-dimensional representation of the land surface elevation with respect to a 
reference datum (Balasubramanian, 2017). DEM is a key hydraulic and hydrological model input to 
compute slope, delineate river network and catchment, and water depth by subtracting the terrain 
elevation from water levels (Abdou, et al., 2018; Feldman, 2000; Els, 2011; Abushandi & Merkel, 
2013; Abdou et al., 2018; Cabral et al., 2015;Tong et al., 2017; Devia & Dwarakish, 2015).  SRTM 
DEM digital grid of 30m medium resolution was adopted in this study because of non-availability 
of high-resolution alternatives covering the case study region and was freely available at United 
States Geological Survey (USGS) online open data hub. The latest SRTM DEM was acquired on 11 
February 2000 and was publicized on 23 September 2014. 
b) River Discharge data   
The Surface Water Division under the Department of Water Resources within the Ministry of 
Agriculture and Irrigation, Water Resources Monitoring (MoAIWD) in Malawi is responsible for 
hydrological observations of water level and discharge. This study could not access MoAIWD data 
because of lack of data due to inadequate up-to-date observation (MoAIWD, 2018). Alternatively, 
it used satellite river discharge data in Figure 4-5 obtained using Advanced Microwave Scanning 
Radiometer- Earth Observing System (AMSR-E) by Dartmouth Flood Observation-DFO and the 
Global Flood Detection System- GFDS (De Groeve, et al., 2015). Each river discharge is an average 
of the mean annual flows for 5 consecutive years of the record at a time. The satellite gauging site 
covered the study in Figure 3-1. The annual maximum discharge for 2015 was 14 590 m3/sec at 253 
GFDS site. 
c) River channel geometry data 
The river channel geometry in Figure 4-11 including river centerline, cross sections, bank lines 
and flowpath were digitized from 30m medium resolution Landsat image before January 2015 floods 
with reference to Google base map in ArcMap 10.5. All datasets were projected to Universal 
Transverse Mercator (UTM) Arc 1960 coordinate system to make sure that corresponding pixels 
align geometrically.  
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d) Manning n value  
Manning n value represents the Manning roughness coefficient which is the resistance of the river 
bed and floodplains to the flow of water for open natural flow (Asante, et al., 2008). Using classified 
land cover features, Manning n values for Chikwawa areas were estimated.  
The following in Table 4-12 Manning n roughness values were assigned to the cross sections 
based on land use classes that the cross section corresponded with (Asante, et al., 2008): 
Table 4-12: Manning n roughness values for various land cover classes (Asante, et al., 2008) 
Anderson 
code 
Description land use Manning n roughness 
100 Urban and Built-up land 0.035 
211 Dryland, cropland and pasture 0.03 
212 Irrigation cropland and 
pasture 
0.035 
213 Mixed dryland or irrigated 
cropland and pasture 
0.033 
280 Cropland or grassland mosaic 0.035 
290 Cropland/ woodland mosaic 0.05 
430 Mixed forest  0.1 
500 Waterbodies 0.035 
620 Herbaceous wetland 0.005 
770 Barren or sparsely vegetated  0.03 
The land cover themes and their descriptions indicated that Chikwawa is covered by agricultural 
land, irrigation cropland, waterbodies. built-up, sparsely vegetation. Hence the Manning n values 
with reference to Table 4-12 were categorized as 0.035 and 0.03. 0.03 represented barren, sparsely 
vegetation, and dryland. While 0.035 represented built-up, waterbodies, cropland or grassland 
mosaic.    
e) River Centerline  
When digitizing the river centerline, the image was zoomed in the centre of the river in the 
direction of flow. Each river was assigned length, river and reach name. 
f) Bank lines 
River bank lines indicated the boundary between the main channel and overbank floodplain areas 
both at the right and left side of the centerline.  
g) Flowpath 
Flowpath consisted of river centerline, left overbank and right overbanks and provided the 
distance between the downstream cross sections from the river centerline to the overbank areas.  
h) Cross section cutlines 
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Cross section cutlines also called XS cutlines, represent the cross section distance and elevation 
of the river channel, shown as green lines in Figure 4-11. The elevations are interpolated from the 
DEM to compute the ground profile of the channel flow.  
Figure 4-11: Cross sections (green), river centreline (blue), banklines (red) on a DEM 
4.3.2 Simulation of hydraulic model  
The geometry data and the flow data were set up in HEC-RAS to compute velocity, water surfaces 
profiles, and water surface extents from the river discharge in Figure 4-11.  HEC RAS model has 
three types of computation, namely (1) the steady flow, (2) unsteady flow, (3) the movable boundary 
flow. The steady flow represents constant flow of water in a river without any changes and is 
applicable in open channel because the changes in depth and velocity at a point is generally gradual 
(Dyhouse, et al., 2007; Ponce, 2011; Mehta, 2018). The gradual changes allow satisfactory modeling 
in simulating steady flow in an open channel (Dyhouse, et al., 2007). The unsteady flow describes 
the changes in the flow because of changing depth and velocity in the river (Ponce, 2011). The 
movable boundary calculates the river bed aggradation using sediment continuity and sediment 
transport equations (Ibid). Steady flow was applied because its ability to provide satisfactory 
solution as per Dyhouse, et al. (2007). 
Steady flow water surface profiles calculations 
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The standard step method was applied to compute the water surface profiles using energy 
equation (Brunner, 2016). Energy equation variables are expressed in  
Figure 4-12 and equations below. All the input and output variables were set to SI units.  
 
Figure 4-12: Representation of terms in energy equation (Brunner, 2016 p.2-3) 
Based on Figure 4-12 energy grade line is the imaginary elevation of total energy head, water 
depth  Y1 and Y2 are vertical distances of water from the channel bottom to water surface (Dyhouse, 
et al., 2007). The altitude Z1 and Z2 are the vertical distances of the ground from Mean Sea Level to 
channel botttom. Energy losses P1 and P2 are the differences in water surface and energy grade line. 
Using energy equation Water Surface 1 (WS1) and Water Surface 2 (WS2) were computed in 
equations 19 and 20 respectively. 
𝑊𝑆1 = 𝑍2 + 𝑌2 + 𝑃2                                                                                                                    Eq 19 
                                                                                                  
𝑊𝑆2 = 𝑍1 + 𝑌1 + 𝑃1 + ℎ𝑒                                                                                                                                                                Eq 20 
Where: he = energy head loss 
The equations 19 and 20 were iterated 20 times. The WS1 and WS2 required first computing 










                                                                                                                        Eq 21 
Where:  
V1, V2 = average velocity (total discharge/total flow area), a1, a2 = velocity weighting coefficients, 
g = gravitation acceleration 
Water Surface 1 
(WS1) 
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The energy loss ℎ𝑒 in equation 21 was computed as below: 








|                                                                                                              Eq 22 
Where: 𝑆?̅?= representative friction slope between two sections, C = expansion or contraction loss 




                                                                                                    Eq 23 
                                                             
Where: 𝐿𝑙𝑜𝑏 , 𝐿𝑐ℎ, 𝐿𝑟𝑜𝑏 = cross section reach specific for flow in the left overbank, channel, and 
right overbank respectively, ?̅?𝑙𝑜𝑏 , ?̅?𝑐ℎ, ?̅?𝑟𝑜𝑏= arithmetic average of the flows between sections for 
the left overbank, channel, and right overbank respectively. 
The representative friction slope 𝑆?̅? also expressed as velocity of energy grade line of the river 






                                                                                                                                Eq 24 
Where: K = conveyance of subdivision, 𝒬= flow subdivided in the overbank areas where Manning 
n value changes on a cross section; n = Manning roughness coefficient for subdivision.  
Conveyance K in the representative friction slope 𝑆?̅? equation was solved from flow area A for 






 𝐴𝑅2 3⁄                                                                                                                                              Eq 25 
Lastly, WS1 and WS2 were compared using equation 26 to agree to within 0.03m and tolerance 
of 0.015m (Brunner, 2016; Dyhouse, et al., 2007). 
𝑊𝑆𝐼 = 𝑊𝑆2                                                                                                                             Eq 26                          
The HEC RAS software has a built-in functionality for data checking, errors, warnings, and 
computational log output file. The error and warning messages assisted in identifying parameters to 
adjust and improve the output. Thus, model was recalculated and checked more than 10 times until 
the model output were acceptable. This checking of output was part of initial model calibration 
which was further done in section below. 
  
NATALIA DAMBE 82 
 
 Conclusion 
Two models, namely, HEC-HMS was processed and run to provide river flow and hydrographs, 
and HEC RAS was set-up and simulated to develop the flood extents, depth and velocity for flood 
mapping. The results of these models are given, analyzed and discussed in the next chapter.  
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5 Results and Analysis 
 Introduction 
The results and analysis chapter provide the output of the developed and analyzed hydrological 
and hydraulic models. The results obtained were validated to assess their quality. The validation was 
conducted based on the observed discharge measurements and from site validation observation.     
 Developed and analyzed the hydrological model 
5.2.1 Model output  
The hydrological model was simulated in HEC-HMS model and provided the following outputs: 
the peak discharge (m3/s); total flow (m3/s); and Volume (m3) per given drainage area (km2) for all 
the subbasins, reaches, and junctions.  The comparison between the observed and simulated flows 
at the outlet from 01 Jan 2012 to 01 Apr 2015 were represented as a hydrograph in Figure 5-1. 
 
Figure 5-1: Graph of channel flow at the outlet from 01 Jan 2012 to 01 Apr 2015 
Table 5-1: Flows and volumes at each subbasin, junction and channel, and outlet. shows peak 
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Table 5-1: Flows and volumes at each subbasin, junction and channel, and outlet. 
Basin 
elements Area(km2) Date Flow (m3/s) Volume (mm) 
W380 13.6 24Feb2015, 09:15 1058.43 165338.252 
W370 13.6 31Jan2015, 03:45 964.34 160692.084 
W360 36.4 24Feb2015, 04:45 2835.43 164754.052 
W350 51.0 24Feb2015, 03:25 4097.49 183726.582 
W340 23.3 24Feb2015, 06:45 1865.39 183795.67 
W330 21.5 24Feb2015, 09:50 1518.50 123506.992 
W320 30.0 24Feb2015, 03:35 2123.94 123656.852 
W310 18.8 24Feb2015, 06:35 1504.37 184062.878 
W300 8.3 24Feb2015, 03:20 670.25 186337.448 
W290 22.0 24Feb2015, 05:05 1764.40 184088.786 
W280 20.5 24Feb2015, 02:20 1643.73 184551.066 
W270 49.2 24Feb2015, 02:10 3483.82 123346.21 
W260 64.5 24Feb2015, 03:55 4563.77 123027.694 
W250 19.6 24Feb2015, 04:10 1387.73 124191.776 
W240 12.0 24Feb2015, 03:15 850.58 125369.574 
W230 0.0002 01Jan2012, 00:00 113.27 159859.218 
W220 18.2 24Feb2015, 02:35 1290.29 124480.574 
W210 33.4 24Feb2015, 00:40 2366.69 123772.422 
W200 37.6 24Feb2015, 00:35 3018.41 183758.078 
Outlet1 494.6 05Feb2015, 23:50 13134.27 150774.654 
J44 480.9 04Feb2015, 00:00 14601.15 150492.968 
J47 416.3 04Feb2015, 00:05 13809.32 146175.476 
J54 356.6 02Feb2015, 00:20 12680.15 141889.48 
J57 316.4 04Feb2015, 00:00 10997.26 140640.308 
J64 278.0 25Feb2015, 00:00 10268.28 141129.258 
J69 235.5 25Feb2015, 00:00 10519.65 133373.368 
J74 121.8 25Feb2015, 00:10 8577.26 142897.352 
J79 90.1 24Feb2015, 21:50 6700.16 149293.834 
J82 55.8 24Feb2015, 02:35 4306.62 164387.784 
R30 55.8 25Feb2015, 00:10 4712.34 164413.438 
R50 90.1 25Feb2015, 00:10 6375.55 149306.026 
R70 121.8 04Feb2015, 05:10 4297.42 142907.258 
R90 235.5 04Feb2015, 00:30 7953.54 133345.174 
R110 278.0 04Feb2015, 00:35 9590.67 141102.334 
R130 316.4 04Feb2015, 00:15 10969.67 140638.022 
R150 356.6 04Feb2015, 02:55 11308.65 141824.71 
R170 416.3 04Feb2015, 20:20 12050.47 146085.052 
R190 480.9 06Feb2015, 01:15 12923.24 150362.92 
The larger the area size of subbasin, channel or junction was, the high likelihood of volume and 
flow to be large also for that basin element. The peak discharge at the outlet was 14601 m3/s on 04 
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Feb 2015, with the volume of 150492mm covering the area of 480.9 km2 on 4th Feb 2015 at Junction 
J47, while the peak flow of the observed was 10 962.99 m3/s.  
Based on the graph in Figure 5-1, the model had exaggerated the flows where compared against 
the observed flow values. The differences in the flows between the simulated and observed flows 
were minimized through calibration of the model by refining the model parameters. 
5.2.2 Model calibration and validation 
This study is interested in a flood event between 01 Jan 2015 to 31 March 2015 as shown in the 
hydrograph in Figure 5-2, hence this period of flood event was validated, and simulated during 
model optimization and calibration.  
 
Figure 5-2: Hydrograph between 01 Jan 2015 to 31 March 2015 
Model validation 
The model validation was carried out to evaluate whether the model was acceptable or not. The 
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a) Root Mean Square Error (RMSE) to Standard Deviation Ratio (RSR) of flood event between 









𝑅𝑆𝑅 = 0.67 
RSR was more than 0.5, meaning the model needed to be improved.   
b) The PEV was expressed as (Ouédraogo , et al., 2018):  
𝑃𝐸𝑉 =  |
402.19 𝑚 − 428.53 𝑚
402.19 𝑚
 | × 100 
𝐵𝑖𝑎𝑠 = 6.54% 
The PEV was less than 10% and it was rated as very good according general performance rating 
in Table 4-10.  
c) The percentage error in peak flow (PEPF), was calculated as below: 
𝑃𝐸𝑃𝐹 =  |
10962.99 𝑚3/𝑠 − 13131 𝑚3/𝑠
10962.99 𝑚3/𝑠
 | × 100 
𝑃𝐸𝑃𝐹 = 19.8% 
The PEPF is within 15 to 35%, thus rated as good.  
The NSE was calculated as below:  
𝑁𝑆𝐸 =
499436018.9 𝑚3/𝑠 − 222640050.6 𝑚3/𝑠
499436018.9 𝑚3/𝑠
 
𝑁𝑆𝐸 = 0.55 
The NSE was rated satisfactory because its value was with 0.50 to 0.65 
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Based on the results above the RSR, PEFP, the accuracy and acceptability could be accepted, 
however there was room for improvement especially for the PEV, RSR and NSE. Thus, the model 
was tested for error uncertainty, and guided by the uncertainty results the model was calibrated, and 
the results are provided in the next section.  
Uncertainty analysis outcome 
The outcome of the uncertainty analysis was the outflow minimum, outflow, maximum, outflow 
mean plus standard deviation, outflow mean minus standard deviation, and mean outflow visualized 
in graphs for easy interpretation. Among the seven parameters recession-ratio to peak parameter had 
the highest uncertainty, followed by initial constant-constant rate, then recession constant. The other 
parameters caused insignificant uncertainty to the model. 
 The graph in Figure 5-3  illustrated indicated the recession-ratio to peak parameter with outflow 
minimum, outflow maximum, outflow mean plus standard deviation, outflow mean minus standard 
deviation, deviate from the outflow mean (continuous blue line). 
 
Figure 5-3: Uncertainty outcome for recession- ratio to peak parameter 
The graphs for in initial loss, recession initial discharge, percent impervious rate, and lag time 
(see Figure 5-4) showed only one line, meaning that there was no deviation of outflow minimum, 
outflow  maximum, outflow mean plus standard deviation, outflow mean minus standard deviation, 
from the outflow mean.  
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Figure 5-4: Lag time uncertainty outcome 
Model calibration 
Taking into consideration the uncertainty analysis outcome, the automated optimization and at 
least 30 try and error adjustments of the model parameter values, the optimized values in Table 5-2 
were obtained.  
Table 5-2: Optimized values for W350, W380, and W370 subbasin parameters 














Initial and Constant - 
Constant Rate (mm/hr) 6.35 13.87 6.35 13.87 6.35 13.87 
Initial and Constant - Initial 
Loss (mm) 0.50 85.07 0.50 85.07 0.50 85.07 
Recession - Initial 
Discharge (m3/s) 113.27 147.2 113.27 147.2 113.27 147.2 
Recession - Ratio to Peak 0.35 0.35 0.35 0.35 0.35 0.35 
Recession - Recession 
Constant 0.92 0.919 0.92 0.919 0.92 0.919 
SCS Unit Hydrograph - 
Lag Time (Minutes) 900.00 1000 900.00 1000 900.00 1000 
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Using the optimized values, the hydrograph of the observed and simulated flows at the outlet were 
as in Figure 5-5 below. Visually, the graph shows improvements in the flows and correlation. For 
instance,  
Figure 5-5: Graph of observed and result outflow 
The second peak seem to almost match as compared to the previous graph. The improvements in 
the optimized model were verified by validating the model using RSR, PEFP, PEV, and NSE as 










𝑅𝑆𝑅 = 0.458 
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𝐵𝑖𝑎𝑠 =  |
402.19 𝑚 − 402.61 𝑚
402.19 𝑚
 | × 100 
𝐵𝑖𝑎𝑠 = 0.10% 
c) The percentage error in peak flow (PEPF), after calibration of parameters: 
𝑃𝐸𝑃𝐹 =  |
10962.99 𝑚3/𝑠 − 10645.58 𝑚3/𝑠
10962.99 𝑚3/𝑠
 | × 100 
𝑃𝐸𝑃𝐹 = 2.89% 
d) The NSE:  
𝑁𝑆𝐸 =
469529589.5 𝑚3/𝑠 − 98805561.4 𝑚3/𝑠
469529589.5 𝑚3/𝑠
 
𝑁𝑆𝐸 = 0.79 
The validation results of the optimized model improved the RSR, PEV, PEPF, and RSR.  When 
RSR, PEV, PEPF, and NSE were ranked based on the general performance ratings in Table 4-10,  
RSR was deemed very good performance, PEV was very good, PEPF was very good, and NSE was 
very good. These ratings confirmed the goodness of fit between the optimized model and observed 
flows and indicated a good the predictive power of the optimized model. Hence the model was 
accepted. 
5.2.3 Discussion 
Analysis of the riverine flood is dependent on a flood model that represents the flood scenario. 
Among different models, this study developed the hydrological model using HEC HMS model and 
integrated GIS. The model was developed in a poor data environment where only medium resolution 
data like 30m resolution SRTM DEM was accessible.  
Developing the model required a wide range of consideration including data collection, model 
selection criteria, and determining suitable parameters to run the model. Sinclair & Pegram (2004) 
demonstrated that there is no ideal flood model because of data limitations and complexities in the 
models. Ideal model would mean data with highest quality and resolution. Most developing 
countries like Malawi have resorted to low to medium resolution data. Thus, this study being 
implemented in a poor data environment faced similar data challenges. 
  
NATALIA DAMBE 91 
 
The simulation of the hydrological model required specific model parameters to compute water 
flow and volume for each subbassin, river channel and at the outlet point within specified flood 
event period. The four parameters implemented in the model were transform, routing, baseflow, and 
loss. These parameters have been recommended by Flemming (2000). Some parameters were easy 
to determine especially those computed using river and basin characteristics like Muskingum K 
which represented the travel time of flood wave, which was channel length divided by channel 
velocity. Contrary, some parameters like recession constant rate were determined based on basin 
soil group and the value was extracted from a range corresponding to the soil group. Similarly 
estimation of Muskingum X has a range of 0 to 0.5, based on channel slope and overbank flow, such 
that channels with large storage volume areas were assigned 0 value and steeper channels with 
smaller storage were assigned the maximum value (Dyhouse, et al., 2007).  Using Dyhouse meant 
no definite figure but rather assignment of X value based on one’s judgement as long as the value 
meets the criteria. This study also considered Valle Junior, et al. (2019) in their study of estimating 
initial abstraction ratio and CN using rainfall and runoff data for a tropical  suggested the use of 0.05 
as the initial abstraction ratio and when applied to this study despite being different environment, it 
was a success. 
One advantage of using HEC HMS model was the availability of automated optimization to refine 
parameters and uncertainty analysis to identify errors in parameters. According to the uncertainty 
analysis carried in the model in the order of highest to lowest peak to ratio, constant rate and initial 
discharge contributed to errors in the model, apart from the optimized output, during try and error 
parameter adjustment it was observed that there was significant difference when the initial discharge 
(a baseflow parameter) was increased or reduced. For instance, using initial discharge of 2193 m3/s 
exaggerated the flow, while 147 m3/s, made the flow stable. 
The model was accepted through evaluation of the model accuracy and predictive power using 
NSE, PEFP, PEV, and RMSE RSR (Ouédraogo , et al., 2018; Fleming & Doan, 2013; Alaghmand, 
et al., 2012; Gharbi, et al., 2016). Based on the performance rating which was also applied by 
Ouédraogo , et al(2018), NSE (0.79), PEFP (2.89%), PEV (0.10), and RSR (0.485%). The NSE was 
above 0.75 the model performed = very good, and the 0.10% PEV showed that there was 
insignificant error bias for the peak volumes.  
Despite the success in developing the model using medium resolution data, this study could not 
fully calibrate peak flow error of 2.89% between the simulated peak flow and the observed peak 
  
NATALIA DAMBE 92 
 
flow though the rating was good and acceptable. To sum up, it could be recommendable to carryout 
out further field observations to validate each model parameter and optimize the parameter values. 
 Developed and simulated hydraulic model results  
5.3.1 Model Output 
The water discharge at each cross section was simulated from 1 January to 30 March 2015 and 
created 91 water profiles. The model results were obtained in form of tables, profiles and visual 
graphics. The profile table shown in Figure 5-6 contains values for 13 January 2015 representing 
the river stations, the flow, minimum channel elevation, critical water surface, energy slope, channel 
velocity, flow area, top width, and froude number. Top width is the horizontal width across water 
surface of a channel (Dyhouse, et al., 2007).  The froude number is greater than 1 for supercritical 
flows meaning that the velocity was high, and depth was low specifically where the slope was steep. 
The froude number was less than 1 for subcritical flows where the velocity was low and the depth 
was high (Ibid).  
The water depth of every point within the modeled flow was calculated by the difference between 
the top water surface elevation and ground water surface elevation, see Figure 5-7.  
 
Figure 5-6: profile table 
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The computed water depth is shown as a map layer in Figure 5-8 with minimum depth of 0m and 
maximum depth of 15m. The modeled water depth provided water boundary in terms of water extent 
on the ground. 
 
Figure 5-8: Computed discharge profile translated into water depth that is distributed over the river channel on 13 
January 2015 
Top water surface 
ground water surface elevation 
Channel distance (m) 
Figure 5-7:Top  and ground water surface elevation 
  
NATALIA DAMBE 94 
 
The detailed output for each cross section included energy gradeline elevation (E.G. Elev), 
velocity head (Vel Head), water surface elevation (W.S. Elev), critical water surface (Crit W.S), 
energy slope (E.G Slope), total discharge (Q total), Top Width, total velocity (Vel Total), maximum 
channel depth (Max Chl Dpth), total conveyance (Conv. Total), minimum channel depth (Min Chl 
Dpth), alpha, friction loss (Friction Loss), critical and energy loss (C&E Loss), and the computed 
water surface elevation and average velocities (see below Figure 5-9). 
Model calibration and validation 
 shows cross section 29102 segmented into the left overbank, channel and right overbank. 
Applying the values in Figure 5-9, discharge computations were carried out as follows: 
Left over bank flow area = left overbank Length × Water/hydro depth                       Eq 27 
=29.60m × 3.31m 
= 167.58m2 
Left overbank discharge = Left overbank average velocity × Left overbank flow area   Eq 28 
= 1.60m/s × 167.58m2 
=267.32m3/s 
Similarly, equations 27 and 28 calculations were applied to the channel and right overbank 
segments, such that the total discharge for cross section 29102 was: 
= Left overbank discharge + Right overbank discharge + Channel discharge                Eq 29 
= 167.58m3/s + 6251m3/s + 6618.45m3/s 
= 13137.03 m3/s 
Total discharge (Q Total) 131317 m3/s on the left of Figure 5-9 represented WS1 in equation 26, 
and total discharge 13137.03 m3/s in equation 29 represented WS2 in equation 26. At this stage, 
equation 26 was applied to test if WS1 and WS2 were within 0.03: 
131317 m3/s = 13137.03 m3/s 
0 =0.03 
Thus, WS1 and WS2 were within 0.03 indicating that there was an agreement between the input 
discharge and the modeled discharge. This means that the results were reasonable.  
Despite that the results of the model were reviewed for reasonableness, consistency and 
completeness, calibration against independent data was carried out for the results to be accepted 
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(Brunner, 2016; Dyhouse, et al., 2007). The flood extent shapefile created by the Malawi 
Department of Survey where they extracted water from Radasat 2 image of the day of flood (13 
January 2015).  
The flood extent shapefiles (in Orchid colour) was overlaid with the modeled Water Surface 
depth (in blue) on 13 January 2015 as illustrated in Figure 5-10.  
 
The water boundary of both layers aligned spartially especially at upstream. Some extent 
differences between the flood (red circles in Figure 5-10) and modeled layer (yellow circles in Figure 
5-10) were observed downstream where the terrain was relatively flat, and in tributaries where the 
simulations was not ran. Future work may require to carry out hydrological and hydraulic 
observations of those tributaries which later could be added to the hydraulic simulation. 
Figure 5-9:  Detailed cross section output 
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Figure 5-10: Modeled water depth overlaid with flood layer extracted from Radarsat 2 image on 13 January 2015 
5.3.2 Discussion 
The hydraulic model was developed using HEC RAS model to meet the second objective of this 
study. Obtaining the acceptable HEC RAS solutions required clearing all errors and taking into 
considerations the warning messages like: 1) checking minimum and maximum range of variables, 
2) alpha and numeric data checks to ensure that correct data were entered in every field, 3) 
consistency checks on bank stations to correspond to cross section stations and elevation data, 4) 
ensure completeness of the data, and 5) increasing order of station for cross sections. Hence, more 
cross sections were added by digitizing to improve the gradual varied flow that could influence the 
conveyance ratio to be less or greater than standard values of 0.7m or 1.4m respectively (Dyhouse, 
et al., 2007). According to Dyhouse (2007), the Manning n values should range from 0.003 to 0.05. 
Thus, the Manning n values for each cross section was adjusted within that range. However, 
changing manning values did not cause any noticeable improvement in the model. The model 
improved when the flow classification was changed from subcritical flow to supercritical flow and 
got much better when mixed flow was applied. The mixed flow computations used both subcritical 
and supercritical flows. For instance, in Figure 5-11 the profile plot for the simulated river channel 
shows the critical flow in green borders and supercritical flow in red borders or red dotted profile. 
Where seem applicable adjustments were made to improve consistency or identify any outliers that 
would have affect the model, for instance, the Froude numbers being large (more than one for 
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subcritical station), or drastic change in the energy slope and energy elevation between consecutive 
stations. 
Some of the challenges of simulating the open natural channel using HEC RAS were to do with 
the variation and complexity of the natural open channel, for example the surface of the channed is 
not smooth, it changes could changed in a very short distance in terms of roughness, slope, geometric 
properties such as topwidth, perimeter and cross sections (Dyhouse, et al., 2007). Therefore, the 
short distance changes may easily be generalized when medium or small scale data are used as 
inputs. The could be resolved by detailed data observations to capture the variations in flow depth. 
Unfortunately the detailed observations requirements were too high for Malawi,  a developing 













 Flood analysis  
Flood analysis on land use is carried out to visualize the extent of flood impact on land use and 
other public facilities in Chikwawa district. The map below (Figure 5-12) indicates that some Built-
up (shown in red color) circled in yellow are inundated. The inundated buildings are exposed to 
Figure 5-11: Zoomed in profile showing mixed flow plot 
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damage and needs to be protected from floods. With respect to the terrain elevation, the inundated 
buildings are on relatively flat terrain. The flat terrain increases duration of inundated water. 
 
Figure 5-12: Floods analysis on land use 
The protection of the agricultural land and building may require flood risk management strategies 
such as construction of levee to block the water, or big canals to channel water, among others. 
The flooded water also has impacted on social services. Based on the information available for 
the Malawi Surveys Department, point data for school facilities are analyzed with respect to floods. 
Out of 189 schools in the district, 21 are within 1km proximity to flood water. This means that 
students going to those school are mostly likely affected my flood. 
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6 Conclusion 
Through the hydrological modeling using HEC HMS model, and hydraulic modeling using HEC 
RAS model and integrating GIS and remote sensing, this study met its overall objective of analysing 
riverine floods in a poor data environment, where only low to medium resolution data were 
accessible. Both models performed above average and were accepted. However, optimal results 
were not achieved because of limited access to observed data and time to calibrate all the data.  
The hydrological model was developed using 30 SRTM DEM of the area of interest to delineate 
basin elements (sub basins, river channels, junctions, and outlet). The DEM and the basin elements 
were used to compute the basin parameters which included: river length, slope, upstream and 
downstream elevation, hydraulic length, basin area, average slope, and centroid. Based on the basin 
parameters four model parameters necessary to simulate the hydrological model were determined.  
The model parameters included the base flow that defined the underground or interflow; loss 
defining the infiltrated or lost runoff due to evapotranspiration or other factors; transform which 
defined the flow that transformed from surface runoff into channel flow at a specific period.  
The simulation of the hydrological model produced hydrographs, tables of flows and discharge 
volumes for each sub basin, reach, outlet and junction at given time and date between the 01 Jan 
2015 and 01 April 2015. Among other factors, the amount of the flow and volume was affected by 
size, steepness and soil group of sub basin, reach, outlet and junction. For instance, large sub basins 
and reaches with steep slopes had large discharge volume and flows, vice versa. 
The accuracy of the simulated flows and volumes was evaluated using statistical methods for 
measuring model’s goodness of fit, predictive power and error deviation between the simulated and 
observed satellite flow observations from Dartmouth Flood Observation data portal. The Percent 
Error of Peak Flows (PEPF) computed the error of 2.89% between the observed and simulated flows. 
The Random Mean Square Error (RMSE) RSR was calculated as 0.485 standard deviation of the 
simulated flows from observed flows. The Percent Error of Volume (PEV) indicated 0.01% error 
bias between the observed and simulated flows. The NSE was 0.79, which according the 
performance rating of standard statistics was rated as very good in terms of performance and model 
predictive power. In general, all the statistical analysis above translated that the model could be 
accepted and was a good fit. 
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Regardless of the positive statistical analysis results of the simulated flows and values, the 
uncertainties in the model could not be ignored. The uncertainties were errors in the model due to 
significant differences between the estimated model parameters and true values.  As per the 
automated uncertainty analysis conducted on all the model parameters in this study, significant 
uncertainties were identified in recession peak to ratio, initial loss- constant rate, and recession initial 
discharge. The recession peak to ratio uncertainties were reflected in the 2.89% of the PEPF. IF an 
optimal ratio to peak value was determined, the PEPF would be minimized to even 0%.  However, 
because of various limitation including data resolution, limited ground truthing of model parameter 
values, repetitiveness of try and error adjustment of parameters to improve the model and model 
complexities, the model could not be 100 % optimized to achieve 0% parameter errors. 
The hydraulic model was the second model developed and simulated in this study using HEC 
RAS. Similarly, the hydraulic model used 30m DEM, land use data derived from classification of 
30m Landsat image, and geometric data. The geometric data included digitized river centreline from 
upstream to downstream; left and right banks defining river boundary, flow path representing 
overbank boundary and direction of flow; and river cross section cutlines representing the cross 
section of river channel.  
The outcome of the HEC RAS simulation included the flood depth computed as water profiles at 
specific date at every cross-section point; and the water extents.  The simulated water extents were 
validated by overlaying it with a flood extent layer created from extracted from RADARSAT 
satellite image captured on 13 Jan 2015. The overlay validation showed that at least 80% of the 
simulated water extents corresponded with the RADARSAT flood extent. The non-corresponding 
areas were mostly downstream area where the terrain was relatively flat and the channel connected 
with small tributaries that might contributed to channel flow.  The flat terrain might have been 
smoothened by the 30m DEM by generalizing the small depth within 30m by 30m area into a single 
point.  
Therefore, this research has concluded that application of  flood modeling in poor data 
environments requires intensive data enhancements and adjustments; multiple utilization of open 
sources data; carrying out multiple model computation iterations and calibration; multiple field 
observation which may be constrained with time and resources to get reasonable output. Thus, this 
paper recommends as future work to carrying series of field observations for the tributaries 
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contributing to channel flow, and verification of the model parameters to be added to refine future 
model simulation. 
 Research Challenges 
6.1.1 Technical 
Learning how to operate the models (HEC-GeoHMS, HEC-GeoRAS, HEC-HMS, HEC-RAS) 
that are used in this research demanded a lot of effort in terms of understanding the theory behind 
hydrology and hydraulics, the algorithms, the data formats and conversions, the attribute data needed 
to do necessary calculations, and also the efficiency of the computer processing speed. The computer 
available sometimes could not handle big images and data thus the processing is slower and time 
consuming.  
6.1.2 Data and software accessibility 
As already explained in the research, high resolution data are costly and almost impossible 
unavailable in Malawi due to lack of resources to invest in such; and regarding software, the research 
only had access to software available in the Geomatics Computer Laboratory and  free trustworthy 
online software. The research has capitalized to make the best of the readily data and software 
available in order to answer the questions and achieve the objectives of this research. Using high 
resolution data and wide choice of software could possibly improve the quality of the research 
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7 Appendix 
 Major satellite related precipitation products currently available 
(Source: Sun et al., 2017) 
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 Daily rainfall observation in millimeters for Chikwawa from 1 
Jan to 1 Apr 2015 (Source Malawi Meteological Surveys) 
Date Chikwawa (mm) Nchalo (mm) Date Chikwawa (mm) Nchalo (mm) 
1-Jan 19.8 21.7 16-Feb 2.4 21.9 
2-Jan 9.3 2.2 17-Feb 0 12.8 
3-Jan 19.4 25.8 18-Feb 0 0 
4-Jan 1.7 1 19-Feb 0 0 
5-Jan 11.4 53 20-Feb 3.1 0 
6-Jan 10.9 60 21-Feb 0 0 
7-Jan 12.3 40.4 22-Feb 24.9 0 
8-Jan 33.2 30 23-Feb 34.6 59.9 
9-Jan 1.1 3 24-Feb 52.8 10.1 
10-Jan 0 0 25-Feb 0 100 
11-Jan 38.6 27 26-Feb 0 0 
12-Jan 62.8 100 27-Feb 0 0 
13-Jan 22.3 29 28-Feb 0 0 
14-Jan 1.6 23 29-Feb     
15-Jan 12.2 11.4 1-Mar 0 0 
16-Jan 0 0 2-Mar 14.7 2 
17-Jan 17.2 26.2 3-Mar 15.7 23.5 
18-Jan 8.4 1 4-Mar 0 0 
19-Jan 0 0 5-Mar 0 0 
20-Jan 0 0 6-Mar 3.6 2.9 
21-Jan 0 0 7-Mar 0.8 8.4 
22-Jan 0 0 8-Mar 0 0 
23-Jan 0 0 9-Mar 0 2.2 
24-Jan 0.8 0 10-Mar 0 0 
25-Jan 17.9 0.8 11-Mar 0 0 
26-Jan 3 0 12-Mar 0 0 
27-Jan 0 0 13-Mar 0 0 
28-Jan 0 46.1 14-Mar 0 0 
29-Jan 10.6 15.6 15-Mar 0 0 
30-Jan 12.8 0 16-Mar 0 0 
31-Jan 24.5 55.4 17-Mar 0 0 
1-Feb 0 0 18-Mar 0 0 
2-Feb 8.1 1.4 19-Mar 0 3.3 
3-Feb 20.1 6.3 20-Mar 0 0 
4-Feb 37.7 52 21-Mar 0 0 
5-Feb 1.6 0 22-Mar 0 0 
6-Feb 2.4 2.9 23-Mar 0 0 
7-Feb 0 0 24-Mar 0 0 
8-Feb 0 0 25-Mar 0 0 
9-Feb 0 0 26-Mar 1.6 3 
10-Feb 0 0 27-Mar 0.6 0 
11-Feb 21.8 0 28-Mar 0 24.3 
12-Feb 0 0 29-Mar 11.4 11.3 
13-Feb 0 0 30-Mar 0 0 
14-Feb 26.2 0 31-Mar 11.1 0 
15-Feb 14.5 24.7 1-Apr 0 0 
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